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11.  AMTKACT  M1I,-.STD-210A,  "Climatic  ICxtremes  for  Military  Fqulpment,  ”  Is  being  re¬ 
vised.  The  revision  will  Include  two  sets  of  windspeed  design  goals  for  military  equip¬ 
ment  being  developed  for  worldwide  usage  over  land:  (1)  the  speed  up  to  which 
"operations"  are  expected  to  proceed,  (2)  the  speed  that  equipment  should  "withstand" 
without  Irreversible  damage.  The  windiest  location  In  the  world  for  1  percent  or  more 
of  the  time  during  the  windiest  month  (the  "operational"  extreme)  is  along  the  north 
coast  of  .Scotland.  Stornoway,  Scotland  is  typical  of  this  general  area.  Frequency  dis¬ 
tributions  of  the  wind  for  .Stornowav  indicate  1-,  5-,  and  10-|>ercent  l-mln  speeds  of 
43,  3t:.  and  33  knots  respectively  (at  a  height  of  10  ft)  with  associateii  gusts  up  to 
(>2  knots  for  the  windiest  month,  December.  The  strongest  winds  in  the  world,  aside 
from  those  on  mountain  peaks  and  In  tornadoes,  occur  In  Pacific  typhoons.  Naha, 
Okinawa,  is  situated  in  an  area  of  the  Pacific  noted  for  its  high  Incidence  of  typhoons. 
Wind  extremes  recorded  at  Naha  are  used  as  basis  for  developing  "withstanding"  ex¬ 
tremes.  For  a  10  percent  risk  and  durations  of  exposure  of  2,  Ti,  10  and  25  years, 
the  expected  l-mln  wind  is  119,  140,  1.5t;,  and  170  knots,  respi-ctively,  with 
associated  gusts  up  to  202  knots.  A  study  of  gustiness  and  variations  of  wind  with 
height  during  strong  wind  regimes  is  presented.  Nomograms  of  gust  factor  versus 
gust  duration  and  steady  wind  speed  are  used  to  assign  the  moat  dynamically  effective 
gust  according  to  equipment  dimensions.  Based  on  a  power-law  relationship,  factors 
for  adjusting  windspeed  to  a  common  height  to  describe  windspeed  and  gusts  over  the 
vertical  extent  of  military  equipment  usage  are  presented.  Also  included  is  a  tabula¬ 
tion  of  wind  statistics  for  selected  stations  considered  In  the  search  for  worldwide 
wind  extremes. 
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txtrtm*  Wind  Sp«eds«  Guitineis,  and  Variations 

With  Hoight  for  MIL-STD  210B 


I.  IM  Hom  e  (KIN 

Mil, -STD-2 lOA  "C'Umatlc  Kxtremeo  for  Mllitury  Kqulpn.ent" -a  DOD  dorunicnl 
which  Id  regulatory  In  nature  on  the  Army,  Navy,  and  Air  rorce  — la  being  revlaetl 
to  MII,-STD-210H.  Amongat  other  environmental  extremcH  In  MII.-STr)-2lOH, 
there  v/111  be  two  aeta  of  wlndapeed  dealgn  goala  for  military  equipment  being 
developed  for  worldwide  usage  over  land!  (1)  the  wlndspeed  up  to  which  "oiwrallons" 
are  expected  to  proceed}  and  (2)  the  speed  that  equipment  should  "withstand"  without 
Irreversible  damage  even  though  the  critical  speed  for  operations  Is  excee<led.  The 
withstanding  capability  can  be  attained  through  the  basic  Integrity  of  the  designed 
equipment  or  through  use  of  auxiliary  "tie-down"  kits. 

The  present  MI1.-STI)-210A  provides  only  one  set  of  values,  and  these  arc 
most  applicable  to  the  "withstanding"  problem.  Guidance  furnished  by  the  Special 
Assistant  for  Environmental  Services  (SAES)  of  the  Joint  C  hlefs  of  Staff  (J(  S) 
Indicates  that  the  speed  for  operations  <fcr  example,  the  landing  of  an  aircraft) 
will  be  a  value  that  is  exceeded  only  I  percent  of  the  time  In  the  windiest  month  at 
the  windiest  geographical  area  over  which  military  operations  are  conceivable. 

JCS  (SAES)  further  suggests  that  for  "withstanding"  there  should  be  a  family  of 
speeds  which  have  only  a  10  percent  probability  of  being  attained  in  geographical 


(Received  for  PuDllcstlon  28  August  1973) 
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Ml'i'fiM  Hiilijci  l  III  Mti'diiK  winds  dui'in|>  an  fXjioSMre  ’.ITo  tif  U,  !i,  lo,  nr  25  ycui'H 
('(insldi-icd  a|i|ili(':il)lc  to  llic  spi'c-ti'nm  of  flold  llvc's  of  niililary  fc|uipmrn1. 


It\«  KMtOI  Ml 


‘rill'  )|(‘0|.>i'a)ilitral  arnas  applii-alilc  to  I'slalillshint’  the  "willistandln^r  spni'ils  arc 
not  nci'cHsaril^  windy  liy  usual  standards,  that  is  hi({h  avciativs  or  daily  speeds,  as 
in  areas  foi'  which  the  standard  for  "operations”  must  lie  delerniined,  l-'or  exainplc, 

1  pi'rreni  w  indspeeds  liui'in^'  the  windiest  month  may  approach  40  mph  in  the  windy 
(ireal  I’lain  States  of  the  I  ,S.  A.,  an  "operational  prohlem";  liul  lontf  term  extremes 
applicalile  to  "w  ithstanilliif^'"  (often  exceedluK  llu'  siiei-d  defined  as  a  hurricane  wind, 

7  5  mphl  are  more  likely  on  islands  and  alon^  coasts  suhjected  to  tropical  and  extrti- 
troplcal  cyclones.  llui'l'icatH'  coasts  have  much  lower  average  and  1  perci'tlt  vtilues 
Ilian  wind,  interior  areas  at  mid-  and  hlKh-latittnles,  However,  there  are  some 
miti-  and  liiKh-latilude  cfiaslal  aretis  for  which  hotli  "operal  ional"  and  "  withslandiin,'" 
evt  remes  a  rc  hit’ll, 

‘I'i  decide  tipoii  speeils  commensurate  w  itli  "operiitional"  and  "  w  it  list  aiidint>" 
calculated  risk  ih'sijpi  philosophy  views  of  the  .It'S  (SAMS),  wind  records  from 
iipcrat ional  weather  stations  all  over  the  world  must  he  used  exc|udlnt>  the  are.'i 
south  of  li0*’s  and  isolated  loc.'ilions  of  anomolous  rondittoiis,  At  most  ohservatorles, 
wlndspeeds  .are  ohserved  evert  six  hours  for  inleriialionallv  esiahlished  synoptic 
weallicr  ohservallons,  At  many  locations,  mostly  alr|Mirts.  ohservat  ions  at  e 
la'corded  every  hour.  I  nfort unal civ,  wind  ohservatloiis  and  I'lpiipment  ate  far 
from  stail’lard,  Idr  example,  in  spite  of  the  (jreat  variation  of  speed  with  heiuhl 
aliove  the  i>round  in  the  lower  ti'tis  and  even  hundreds  of  feel,  there  is  no  iinlversallv 
accepted  standard  anemometer  height.  The  International  standard  heiulit  for 
anemometers,  10  m,  is  seldom  used.  Also,  the  tiel^’ht  ahove  the  ^'I'ouml  is  a 
fictitious  value  of  little  use  in  calculating;  wind  at  ottier  heli;hts  for  anemometers 
located  .imoiiKSI  densi'  htilldinu  areas  if  lln'  I'ffecllvi'  heights  of  tiu'  surrounding; 
huildin^'s  is  not  properly  considered.  In  the  T.S.  A.,  there  has  reci'litly  heen  a 
trend  to  expose  anemometers  at  maior  weather  stations,  mostly  airports,  at  air- 
ciwM  wind  h'Vels  of  10  to  20  ft,  hut  mime  of  the  older  expoaure*  v^'ere  on  huiidars 
and  towers. 

y\noilier  prohlem  Is  the  period  of  time  over  w  hleh  the  wind  is  averaged  to 
make  It  representative  of  the  synoptic  weather  situation,  the  basic  use  of  the 
ohservat  Ion,  I’aiiufsky  and  Itrier^  stale  "...the  spectrum  of  tlx-  wind  variance 
has  u  drrut  deal  of  enerdy  near  perloda  of  two  to  three  ininutca,  Implyind  gosta  every 


1.  I’aiiofsky,  II.  A.  and  Itrier,  (i,  II.  ( 105H)  Some  Applications  of  .Statistics 
to  Meteorolodv,  I’ennsylvanla  State  fnlversily,  p.  14li-7. 
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two  to  thri‘t'  ininutcH.  I'hlN  incanu  that  a  ono-nilnutc  wiixl  avorufjc  now  and  a  one  niin- 
utc  wind  avoraKo  a  minute  later  may  come  out  (|uitf  diffen-ntly.  In  fact,  it  appeat-H  that 
windH  near  the  Murface  sliould  he  averaged  for  at  leaut  110  minutes  befori'  really  stable 
estimates  can  be  expecteil.  "  This  knowledue  has  apparently  liad  little,  if  any,  influence 
on  the  avi'ru({lnK  periods  used  by  various  ubserviiiK  networks.  In  past  years,  countint' 
the  number  of  miles  of  wind  passing  the  unemumetei  in  r>  min  and  multiplyinii!  by  12  to 
obtain  the  mlle.s  per  hour  wa.s  the  u.sual  I  .  S.  \Veathe«-  lUireavi  observation.  Very 
Kood  records  of  these  .'i-min  synoptic  values  and  dally  extreme's  were  kept  until 
shortly  aftj'r  World  War  II  when  more  .sophiti('at<‘<l  indicating  and  I'l'c-ordlnj,'  instru¬ 
ments  (whl<'h  provide  continuous  records  of  speed  averaj^'ed  over  only  a  fi'w  .seconds) 
came  into  use  (I  .S.  W.  H.  ,  In  ('ontimiinK  attempt  to  make-  wind  observations 
meaniiittful  of  the  synoptic  plctui'e,  the  eurr«-nt  .sta.ndai'd  I  .  S.  cjbservat  ion  is  ;in 
averatjJ'  for  1  min.  However,  in  IliiKland  and  f'anad.i,  the  ('limatlc  dat.i  publislu'd 
art'  hourly  avt'i’aHOS.  Also,  a  lO-min  windspeed  is  the  usual  value  for  synoptic 
observations  when  recorders  are  available,  otherwisi?  if  is  something’  over  1  sei- 
(ShellardS.  In  1!I47  tin*  lnt«'rnatlonal  Meteorological  Organization  established  a 
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20-mln  average  foi'  synoptic  weather  re|X)rts,  but  this  rule  is  not  lollowed  (Court  ). 

(lusts  are  indicated  in  sonu'  climatic  summaries  when  instrumentation  has  this 
I  ,ip,»'oiUi.i ,  In:',  ...1  not  often  rc.o  ''I.d,  The.,  foi  -(tidies  of  wind  climatology,  such 
as  the  speed  *>\eeeded  I  pei  eent  of  the  time  or  the  speed  with  only  a  10  percent 
probability  in  several  yciir.s,  are  best  buse<l  upon  stuntlard  observations,  often 
called  "steady  winds,"  However,  since  it  is  the  Rust  which  may  be  critical  to 
oncrations  or  " withstundlnR"  duritiR  stronR  steady  winds,  it  is  im|)ortant  to  specify 
the  strenRth  of  Rusts,  Careful  attention  i.'.ust  b-  Riven  to  the  tinie  over  which  Rusts 
are  averaRcd,  the  spoe<l  of  the  steady  wind,  and  the  effect  of  hciRht  above  Rround, 

The  sizes  (or  durations)  of  RUsts  most  pertinent  to  the  spectrum  of  equipment  sizes 
must  bo  related  to  this  observational  data.  The  Mil  .-STI)-210A  of  1  (•.'i.'l —based 
only  tin  then  available  5-min  stoutly  winds— specifies  an  "instantaneous"  Rust  of 
I  ."lO  percent  of  the  steady  (.'i-mln)  speed  at  all  heiRhts,  This  |>«»ak  sjieed  is  said  to 
luive  a  RUsf  factor  of  1,  Ti, 

In  recent  years  tleslRn  of  bii-Rc  structures  such  as  television  trunsnilttei- 
towers,  "skyscrapers,"  missiles  (on  the  pud),  and  brldRcs  has  reacheil  the  point 
of  sophisltication  where  fatigue  of  the  structure  due  to  vortex  shedding,  which  is 


2,  r,.S,  Weather  Bureau  (I'.S,  W',B, )  (lfl(i:i)  History  of  Weather  Hureau  Wind 

Mcasurentents,  l',S,  llept,  of  Commerce,  W'osiiingTon,  IJ,  C, 

:i,  .Shellard,  II.  C.  (1008)  Tables  of  Surface  W  ind  .Speed  and  Direction  Over  the 
I'nitcd  Kingdont.  Mctcorol.  Off.  7B2,  Her  Majesty's  Stationary  flfflce,  London, 

4,  Court,  A,  ( 1053)  W'lnd  extremes  as  design  factors.  ,1,  I'Yanklin  Inst, 
25(i(No.  l):3n-55. 
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In  rcsoniinco  with  tlu>  iiatiir;il  otarttlc-  froquonrv  of  the  Htructurc,  niiiHt  ho  conniflcM'Ofl, 
T) 

DavcMiporl  had  also  suKKratod  lhc>  appliration  of  the  powei-  spectrum  of  lurlniloncc 
in  flic  wlnrl  to  this  fatiirue  proiilcm.  'rhcs<-  treatments  arc  pertinent  to  such  mas¬ 
sive  and  claliorate  structures,  liut  would  pi'ohahly  be  of  limited  utility  in  dcsijjn  of 
standardized  t ransi>oi'tablo  military  equipment,  the  (>oals  of  this  study.  Also, 
since  the  techniques  for  application  are  not  well  «;stabllshed,  no  attempt  to  handle 
this  so-called  elastic  response  problem  is  ini-luded  herein, 

Sonu'  studies  of  strong  wind  extremes  for  structural  desl^'n  are  based  on  the 

7 

climatolo^'  of  the  fastest  mile  ('I'hom  and  Hrfu-kke  ),  I'tili/ation  of  sucli  data 
involves  comparing  speeds  averagetl  «)ver  a  spectrum  of  time  periods,  a  very  un¬ 
satisfactory  approach  If  shorter  period  gusts  are  to  be  derived  since  gust  factors 
apply  (o  a  specific  averaging  period.  Also,  since  speed  of  the  wind  is  dependent 
upon  the  time  period  over  which  it  Is  averaged,  the  speeds  in  such  stuflies  are  not 
truly  comparable. 

Durst**  notes  that  the  use  of  lighter  construction  material  has  necessitated  a 
more  detailed  knowledge  of  short  duration  winds,  and  has  providisl  some  prellmin- 

I) 

ary  models  showing  how  speed  increases  as  averaging  lime  decreases,  Mitsuta 
states  that  structural  failure  studies  have  indicated  that  "very  shoi  i  duration  wind 
forces  might  he  effective  for  destruction  of  buildings  or  other  constructions". 

One  such  situation  caused  the  collapse  of  oollng  towers  in  lingland  and  was 
presented  in  detail  by  Shellard, 

Studies  of  the  relationship  of  gusts  to  the  slen<ly  wind  and  their  variation  with 
speed,  height,  thermal  i  iiific.iiion,  and  terrain  have  lulmlnated  in  general 


f),  Duvenpi  .  Dei^ndencc  of  Ind  I, pads  on  Meteorological 

l*ara meters  Pa.--  ’  •  ■  .  .  i  .o  Mundings  and  Sh-uctures,  Vol,  1,  I'niverslty 

of  Toronto  Pres  :, 

(i,  Thom,  11.  t  .  .  i  I  i-juciu  y  of  maxituum  wind  speeds,  Proc.  Am,  Soc. 

Civil  Png.  ^(No, 

7,  Hrcekkc,  (i,  N.  (lnriO)  Wind  PrcssurcM  in  Various  Areas  of  the  I  nited 
States,  Iluilding  Mutorlal  and  Structures,  HPTl.')2,  NHS,  P.S.  Dept,  of  Commerce. 

h.  Durst.  C.S,  ( 1900)  Wind  speed*  over  Bhort  periods  of  time,  Mctcorol, 
Maga/tne  «9(No.  lOilOlMH  I  -  I8fi. 

9.  Mitsuta,  Y.  (1902)  Oust  factor  and  analysis  time  of  gust,  J,  Meteorol, 

Soc,  (Japan)  ^(.\o,  ■0:242-244. 

10.  Shellard,  II.  C.  (1907)  Collapse  of  cooling  towers  in  a  gale,  Ferry¬ 
bridge,  November  1905,  Weather  22:232-240. 
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aj'rocMiii’Ht  cotn’ornlnK  tlic  ?iaturc  of  thc«c  rolatlonslUps  (Davis  ami  Ncwsifiti,  '' 

Camp,  Shrllard,  Mitsuta,  ^  Durst,  **  Deacon,  Sltcrlock,  *  I'iclitl  ct  al,  " 
I H 

Drook  and  Spillnnc,  an<l  others).  However,  ()uantitative  results  liave  vai-icd 
depending;  on  tlie  data  and  analytical  methods  used, 

'I'his  ixiper  provides  the  climatoloKical  tjackground  for  specifvinc  j;\ists  of 
various  durations  (iurin(<  strong  wimls  at  several  climatically  different  locations 
from  operational  weather  station  recorder  cluirts.  The  Intent  is  to  provide  t!ie 
user  with  jfust  factors  truly  representative  during  operational  and  catastrophic 
" wlthstandinK"  speeds  whleli  may  be  used  to  determine  maximum  windspoeds 
relevant  to  various  sl/es  of  equipment,  information  on  the  variation  of  wlndspeed 
with  lielKht,  anil  finally.  rlimatoloRleul  backf^round  for  specifying  the  extreme 
wind  dcsijpi  criteria  recommended  for  MII.-STD-210H, 


;l.  (.1  SI  K\(  nn«  HKI.MUINSMIi's 

As  indicated  in  the  baekjtround,  usually  available  wind  observations  — from 
which  climatologies  are  available— are  speeds  avei'ufted  over  a  minutt*  or  more, 
(iusts  during  such  averah'tng  periods  can  often  build  suffii  lent  force  to  exceed  the 
threshold  value  required  to  prevent  operations  or  to  do  irreversible  damage. 


11.  Davis,  I',  K,  and  Newsteln,  11.  (1!K!«)  T)>e  variation  of  gust  factors  with 
mean  wind  speed  and  with  height,  J,  Appl,  Mcteorol,  7(\o,  :();:i72 -:i7H. 

12,  Camp,  D,  W.  (ItKiB)  l.ow  I.evel  (lust  An')i)lttude  and  Duration  Study, 

NASA  TM  .\-ri:i77l,  Cieorge  C,  Marshall  S|>iice  I-'flghl  Tenter,  nuntsvtllc,  "Alaliama, 

Id.  Shcliaid,  H.C.  ( Mtiiri)  The  estimation  of  design  wind  speeds,  Wind 
Kffects  on  Duildings  un»i  Structures.  National  Physics  l.alx>ratory  Sym|)08lum 

fNo7TiyTpT6*.'itT 


H.  Deacon,  D,  I..  (I'drif))  Oust  variation  with  itelght  up  to  150  meters. 

Quart,  .1.  Hoy,  Mcteorol,  Soc,  ( I  .ondon)  it  1 

15.  Sherlock,  H.  II.  (I!i47)  Gust  Factors  for  the  Design  of  Iluildlngs,  Int, 
Assoc,  for  H  and  Structural  Kngtneerlng,  Vol.  H,  p,  207-2.’15, 

Hi,  Sherlock,  It.  II.  (1052)  Variation  of  wind  velocity  and  gusts  with  height. 
Paper  No.  25.55,  Proc,  Am,  Soc,  Civil  Kni{. .  p  <(55-508. 

17,  Flchtl,  G.  11. ,  Kaufman,  d.W'.,  and  Vaughan,  W'.W,  (I9(i0)  Character 
of  atmoapherlc  turbulence  related  to  wind  loads  on  tall  structures,  J.  .Spacecraft 
n(No.  12):150H-1405.  - - 

IB,  Brook,  It.lt,  and  Spillune,  K.  T.  (1070)  The  variation  of  maximum  wind 
gust  with  height,  J.  Appl,  Meteorol.  9(No.  l):72-78. 
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Tin'  i'<'lati(in.shi|)  of  sucli  iiioss  to  thi'  inula mI  ohsi'rvaf ioii,-;  nnist  hr  known 
in  ocdi'i-  to  pi'ovirit’  ''opt'i'iitional"  and  "  wlllmtandinK"  t'Nlfi'mi’s  foi'  MI  I . -S'M )- J  lOIh 
Slu'i'loi'k  *  '  indii'aft’.s  that  a  Kust  imirit  have  a  duration  siirli  tlial  its  si/r  is 
aliinit  II  tirof':  the  dowtivvitul  dimension  of  a  strueture  in  oisler  t<i  l)ulld  a  fori  i'  on 
the  structure  comnx'nsurate  witf)  th«'  Kust  speed.  As  an  example,  for  a  structure 
with  a  12.  a-ft  downwind  dimension  a  tjust  must  l>e  lOO-ft  lont;  to  huihl  up  full 
ilvnamie  pri'ssure.  I'or  a  speed  of  100  fps  (a!*  knots),  a  (.nisi  neerl  act  ftu- oiih 
1  see  to  huild  up  to  full  force  on  such  a  strueture.  l  arger  structures  repuiie  a 
loiiKcr  duration  (just,  A  Kust  of  several  seeonds  is  oftett  eonsldei  erl  as  typical 
of  the  eritieal  duration  in  hulldinns  of  up  to  iOO  ft  for  typlc-al  extrenu'  speeds,  sas 
100  knots,  i-'or  stronger  winds,  the  require<l  duration  will  he  even  shorter, 
l  alile  1  indicates  the  tjust  duration  re<|uire(|  to  iiuild  up  full  dynamic  pressure 
on  structures  up  to  100  ft. 


'faille  1.  Duration  (sec)  of  Ousts  licquii'ed  to  Allow  l  ull  liiiilriup  of  loicc  on 
St  ruetures 


Speed 

Ihiwn-wind  Dimension 

Knots 

(fps) 

fl  ft 

10  ft 

•2  a  ft 

aO  ft 

100  ft 

(•list  Duraticin  (si 

•el 

2  a 

42 

0.  !• 

1. !' 

10 

aO 

(14 

0.  a 

0.  n 

2 

:> 

7;'. 

127 

0.  :i 

0.  li 

1.  f. 

.'( 

i; 

100 

Kid 

0.  2 

0.  a 

1.  2 

2 

12a 

21  1 

0.  2 

0.4 

0.  !' 

1.  !' 

4 

IfiO 

l_ 

2:'):i 

0.  2 

0.  1 

0,  11 

1,  h 

■1 

Another  asfiect  tif  Itu'  problem  is  the  physical  rcs|Miiise  of  sti  iictin  es 

to  <’f  various  rhiration,  l.arj;*'  structures  sueh  as  hutldlnus  tiave  ijreal  mass, 

and  It  <'an  Ix'  contended  that  there  is  insuffieient  time  for  reaction  to  short  period 

jpisis.  Tlu'i  efore,  onl  .  the  fori  e  of  tiu'  steady  wlml  spe«'d  would  la-  Impiirtarit  in 

I  '• 

their  desitpi,  Newherrv  el  al  reiKirteil  on  wl  .d  loads  t'xperleneed  on  an 
instrumented  IH-story  reeiantfulur  offlei*  huildinif,  142  ft  hv  fiH  ft,  lie  finds  that 
displacement  of  this  building  would  he  about  1 .  r>  ft  durlntl  the  course  of  a  .'l-sec 
Kust  speed  of  (ifi  knots  If  the  liulhllnc  were  free  fIoutlnt{.  He  states;  "Such  ills- 
plarement  would  he  quite  unucerptabir  and  the  conclusion  must  be  drawn  ihat  the 


in.  \cwbeir>,  lOaton,  K..1.,  an<l  Miiync,  ,1.  It.  ( lOhb)  The  nature  of 

Kusi  loading  on  tall  buildings,  V  liid  Kffects  on  Itulldlnits  and  Structures.  I  nlvei  - 
slty  of  Toronto  I’ress,  I'roc.  of  tlie  Internal lonul  Hesearch  Jieni{nor  lield  at  the 
National  Hescarch  Council  of  Canada,  CHtawa,  C.-nada,  1 1  - 1  fi  September  lldi7. 
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i.W'i'H.i  t>r  till'  tuilldti))!  |iliiv.-<  (.iilv  a  SMUill  part  In  rrslHtittu  tlip  rffprl  ol'  huhI 
liiaillni!,  a!  Iraat  dtiwn  tii  tlir  avcraulitK  p«'rlofi".  Mo  furthor  Mtutoei;  "In 

i'oM|io(  I  nf  olaildln^t  tl'o  IniHrallon.s  uro  that  ovon  ahortor  (piata  aro  sljifniricant, 
lad  hM'  llio  pi'0Hrt\t  lliolr  lliuita  have  not  tioon  oxplorod," 

On  Ihr  olhor  hai\d,  Nowliorry  «'t  ul  '  preMontH  duU  vldch  support  tlio  noed  for  a 
Kital  li>  liavo  a  dnratlon  anrh  that  It  la  at)out  It  llinoa  tho  downwind  dlnionxioti  of  tho 
alruiuii'o  In  mahM'  to  hidld  ii a  full  foroo.  Ilia  inouauromonta  In  a  wind  of  about 
10  knota  ahow  that  tho  j,'UHt  I'aotor  rolativo  to  the  l-n:in  apoi'il  ilorivod  from  the 
foroo  on  tho  huildlnu  aro  about  thoao  for  to  10-aeo  (fuata,  aupiKjrtlnK  the  valuos 
In  'l  aldo  I , 

Most  altidloa  of  i^niatinoaM  are  from  niloromcteorolonloal  roaearoh.  ThouRh 
ineaaui'omonta  obtained  from  auoh  cxporimeiita  are  uenerally  superior  to  o|>ora- 
tlonal  data  beoauao  of  rc'finc'd  anemoinetry,  auoh  studies  hardly  evei-  provide 
data  for  the  v«>rv  strong  wincispeeds  im)K)rtant  in  design  of  military  equipment. 

'I  horofore,  an  allt'mpt  was  made  lierein  to  analyze  gust  data  for  a  more  meaningful 
siNM'truin  of  windapeeda.  Also  ineludcd  are  some  other  pertinent  data  from 
uitUNually  strong  witjds  and  relevant  researoh  findings. 

'I.  I  llltlH 

Orlglttul  wittd  gust  reoorder  rharta  containing  strong,  steady  speeds,  avail¬ 
able  in  the  Inventory  of  the  National  Weather  Kccords  C'cnter,  were  requested 
fiom  ‘he  I'.nvlronmentul  Technical  Application  Onter  (L’l’AC),  Stations,  dates 
and  anemometer  heights  of  the  data  providci.,  which  were  used  in  our  analysis, 
aro  listed  in  Table  ii.  An  evaluation  of  the  res|K)nsc  times  of  wind  measuring 
Instrumentation  from  which  the  data  were  taken  Is  presented  in  Apf)endix  A. 

Ir  order  to  have  sufficiently  stable  samples  of  data  to  examine  variations 
of  g\istlncss  with  speed,  10 -knot  wlndspeed  class  intervals  were  chosen  (for 
example,  20-29  knots,  d0-!t9  knots,  etc.  ),  One  method  of  obtaining  gust  factors 
from  the  data  was  to  mark  off  equal  lime  intervals  on  the  gust  recorder  chart, 
take  the  steady  windspeed  and  compute  factors  for  the  highest  gusts  occurring 
within  the  interval.  Another  |>ossibility  was  to  use  a  long  time  Interval,  say 
an  hour,  and  compute  the  gust  factors  from  the  highest  5-mtn,  l-min,  or 
;i0-scc  winds,  no  matter  where  they  are  located  in  the  hour  Interval.  Assuming 
that  the  most  likely  gust  configuration  is  symmetrical,  as  shown  by  Camp, 
it  was  decided  that  the  gust  being  measured  should  be  in  the  center  of  the 
averaging  period.  This  concept  is  presented  graphically  in  Figure  1.  Since 
the  "Manual  of  Surface  tlbservations"  (Circular  N)  used  by  the  National  Weather 
Service,  Air  Force,  and  Navy  prescribes  the  recording  of  the  average  l-min 
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Table  2.  Stations,  Dates,  Number  of  Observations  and  Anemometer  Heights  of 
Primary  Data 


Station 

Anemometer 
Height  (ft) 

No.  Obs 

Date 

Adak,  Alaska  NS 

«0 

7 

February,  1952 

75 

81 

■.arch,  1954 

75 

14 

September,  1956 

75 

60 

March,  1958 

75 

47 

November,  1958 

75 

4 

October,  1958 

75 

21 

May,  1959 

58 

10 

November,  1961 

25 

38 

November,  1964 

Argentla,  NHd.  FWf 

56 

30 

September,  1955 

Axores/T^jes  Field 

10 

16 

February  1960 

C  herry  Point,  N.C,  MCAS 

95 

13 

September,  1955 

Falmouth,  Mass/Otls  AFB 

13 

11 

Septen\ber,  1960 

Ouam/Agana  NAS 

43 

1 

November,  1957 

14 

41 

April,  1963 

Guam/Anderson  AFB 

13 

4 

November,  1962 

New  Orleans,  l.a.  WBAS 

20 

18 

September,  1965 

Okinawa/Futema  MC'AF 

28 

9 

October,  1961 

Okinawa/ Kadena  AB 

13 

69 

October,  1961 

Patuxent  Hlver,  Md/'NAs 

85 

10 

October,  1964 

Cjuonset  Point,  R.  1,  /  NAS 

84 

3 

September,  1954 

Rapid  City,  S.  D. /Ellsworth  A FK 

13 

30 

February,  1963 

Thule,  Greenland/AB  OP  Site 

13 

11 

Total  548 

March,  1960 
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I'lfjurc  1.  Method  I  sed  to  Determine 
Windspeeds  of  Differing  Durations. 
The  peak  gust  within  2.  5  min  of  the 
hour  Is  indicated  by  an  arrow.  For 
tills  example,  the  Ti-mln  speed  Is 
HH  knots,  the  1-min  speed  is 
40  knots,  the  30-Eec  speed  is 
43  knots,  and  the  2 -sec  peak  is 
60  knots 


speed,  this  speed  was  used  to  describe  all  relationships,  itatios  of  the  3-min 
and  30-Hec  averages  and  peak  gust  (about  2  sec  as  will  be  noted  in  the  next  section) 
to  the  1-mln  wind  were  computed.  For  example,  the  gust  described  in  Figure  1 
has  a  1-min  average  speed  of  40  knots,  a  S-mln  average  speed  of  38  knots,  a 
30-sec  average  speed  of  43  knots,  and  a  peak  gust  of  80  knots.  The  5-min  factor 
is  38/40  or  0.  950,  the  SO-sec  gust  factor  is  43/40  or  1.  08,  and  the  peak  gust 
factor  is  60/40  or  1,  50.  Since  the  1-mln  speed  is  40  knots,  these  factors  would  be 
assigned  the  40-40  knot  class  Interval  in  subsequent  statistical  summaries.  A 
total  of  548  such  observations  were  studied.  The  method  used  was  to  make  obser¬ 
vations  centered  on  the  highest  peak  (2 -sec)  gust  within  2.  5  min  of  the  hour.  How¬ 
ever,  on  occasions  when  a  higher  gust  fell  within  2.  5  min  of  the  gust  chosen,  that 
gust  then  Ijccamc  the  center  of  the  observation.  The  vertical  arrow  in  the  center 
of  Figure  1  points  to  the  2-sec  gust  chosen  at  2:00  I*.  M.  Because  of  the  scarcity 
of  recorded  steady  winds  over  60  knots,  gusts  w’ere  studied  at  1 5-min  intervals 
when  such  winds  were  encountered. 

Wind  near  the  earth's  surface  is  very  sensitive  to  the  terrain;  consequently, 
any  particular  location  is  likely  to  have  its  own  gust  characteristics.  .Since  data 
for  this  section  were  provi.led  from  the  many  locations  listed  in  Table  3,  pooling 
the  observations  should  effectively  limit  the  inHuence  of  any  one  location.  The 
anemometer  heights  rang,  from  10  to  95  ft.  The  average  height  of  these  is 
roughly  50  ft. 


3.2  (iu'd  luclar  S(aU»li('H 

Means  and  the  range  of  ratios  of  5-mtn,  30-sec,  and  2-sec  averages  to  the 
standard  1-min  speed  for  the  sample  of  548  observations  taken  from  the 
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operational  recorder  charts  studied  are  shown  in  Table  3,  The  r>0-.  75-,  90-, 
and  98-percentllc  values  and  the  standard  deviations  of  2-sec  gust  factors  arc 
shown  in  Table  4. 

Observations  at  anemometer  heights  at)Ovc  and  below  50  ft  were  separated 
with  resulting  mean  heights  being  approximately  75  and  15  ft.  The  number  of 
observations  in  each  windspeed  category  for  these  two  height  classes  and  the 
average  heights  arc  shown  in  I'able  5.  The  mean,  standard  deviation,  and  the 
50,  75,  90,  and  98-percentitc  values  of  the  2-sec  gust  factors  at  15  and 
75  ft  are  shown  in  Table  9.  A  study  of  Tables  3.  4.  and  9  reveals: 

(1)  As  shown  in  Table  3,  the  expected  decrease  in  the  mean  2-aec  gust 
factor  with  increasing  1-min  speeds  is  evident  except  at  the  70-79  knot  interval 
where  the  sample  size  is  very  small.  However,  when  the  gust  factors  at  the 
mean  heights  of  15  and  75  ft  arc  examined  (Table  G),  the  decrease  is  much 
greater  at  75  ft;  in  fact,  the  gust  factor  at  15  ft  increases  slightly  for  speeds 
through  the  40-49  knot  intervals.  The  standard  deviations  of  the  2-sec  gust 
factors  also  decrease  with  Increasing  speed  at  75  ft  but  behave  erratically  at 
15  ft. 

(2)  The  2-sec  gust  factors  at  75  ft  are  less  than  those  at  15  ft  at  speeds 
greater  than  39  knots,  reflecting  the  decreasing  effect  of  surface  friction  (on 
l-min  averages)  with  height,  even  as  low  as  75  ft. 

(3)  The  30-sec  ratios  remain  nearly  constant  with  increasing  speed  (Table  3), 
whereas  the  5-min  ratios  show  no  obvious  trend.  Evidently,  measurements 
averaged  fur  at  least  30  sec  tend  to  filter  out  most  of  the  small  scale  turbulence. 

Much  of  the  older  extreme  wind  studies  for  structural  design  criteria  used 
well-defined  5-min  average  speeds  (Court^).  For  com|>arative  purposes,  ratios 
of  maximum  1-min,  30-sec,  and  2-sec  averages  within  each  5-min  observation 
were  computed.  Median  and  mean  ratios  are  shown  in  Table  7.  Means  and 
medians  are  sufficiently  close  to  indicate  that  the  distributions  are  near  normal. 
The  2-8ec  gust  factors  show  the  same  trends  as  in  Table  6,  decreasing  with 
increa  dng  speed  more  rapidly  at  75  ft  than  at  IS  ft.  Clear  trends  for  the  30-8ec 
and  1-mln  ratios  are  evidently  clouded  by  the  diverse  nature  of  the  data. 

The  tendency  for  gust  factors  to  decrease  with  increasing  speed  at  the  nominal 

height  of  operational  anemometers,  50  ft,  is  illustrated  in  Figure  2.  The 

operational  anemometer  gust  factor  curves  were  drawn  for  a  5-min  steady  wind. 

The  values  were  obtained  by  averaging  the  mean  gust  factors  for  the  15-  and 

75-rt  columns  in  Table  7;  however,  the  speed  categories  are  in  terms  of  the  1-min 

IS  8  20 

speed.  Also  shown  are  the  findings  of  Sherlock  ,  Durst  ,  and  Mackey  for 
Typhoon  Mary. 

20.  Mackey,  S.  (1965)  piscusslon  of  Wind  Effects  on  Buildings  and  Structures. 
Her  Majesty's  Stationary  Office,  London,  p.  422,  423. 
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Table  3.  Kntlos  of  5-inln,  30-sec,  and  2-8Cc  Speeds  to  the  I -min  Speed  for  All 
Observations  Hcgardless  of  Anemometer  Height 


1  -  min 
Speed 
(knots) 

No.  Obs. 

5- 

■min 

30 

-sec 

•'2 

-sec 

Mean 

Range 

Mean 

Range 

Mean 

Range 

20-29 

133 

0.  909 

0. 692-1.00 

1.04 

1.00-1.  17 

1.35 

1.07-2.  14 

30-39 

142 

0.  911 

0. 771-1.00 

1.04 

1.00-1.  17 

1.31 

1.00-1.81 

40-49 

113 

0.  920 

0.  732-1.00 

1.04 

l.OO-l.  17 

1.28 

1.04-0.81 

50-59 

83 

0,  917 

0.  778-1.00 

1.04 

1.00-1.  10 

1.27 

1.  08-1.  01 

00-69 

07 

0.  932 

0.  783-1.00 

1.04 

1.00-1.  15 

1.25 

1.03-1.58 

70-79 

10 

0.  911 

0.855-0.958 

1.00 

1.03-1.  18 

1.29 

UOfi-1.  54 

_ 

Values  in  these  columns  are  usually  called  "gust  factors.” 


Table  4.  Distribution  of  2-sec  Gust  Factors  Versus  1-min  Average  Speed  for  All 
Observations  Regardless  of  Anemometer  Height 


l-min 

Speed 

(Imots) 

Standard 

Deviation 

Percentile  Values 

50 

75 

n 

90 

98 

0. 172 

1.31 

1.41 

1.82 

30-39 

0. 149 

1.28 

■■■ 

1.71 

40-49 

0. 146 

1.26 

1.44 

1.68 

50-59 

0.  114 

1.27 

■m 

1.41 

1.54 

60-09 

0. 140 

1.23 

1.36 

1.44 

1.56 

70-79 

insufficient  data 

Table  f).  Distribution  of  Anemometer  lleiijhis  Versus  1-mln  Avcruf{e  Speed  for  tiic 
llerorder  C'liai’ts  Studied 


l-min 

i.ess  Than  50  ft 

More  'I  nan  50  ft 

Mean  Height 

Speed 

(knots) 

\o.  Obs, 

Mean  Height 
(ft) 

No.  Obs. 

Mean  Heigitt 
(ft) 

of  All  Obs 
(ft) 

20-20 

77 

17 

50 

75 

40 

20-39 

00 

10 

70 

73 

40 

40-49 

30 

15 

77 

71 

53 

50-59 

20 

15 

57 

75 

57 

00-09 

41 

14 

20 

78 

39 

70-79 

2 

13 

8 

78 

1 

1 

L. 

Table  (i.  Distribution  of  the  2-sec  Gust  Factors  During  1-min  Speeds  by  Approxi¬ 
mate  Anemometer  Height 
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Table  7.  Hatios  of  l-niin,  .’lO-sco  and  2-«oc  Speeds  to  r)-inln  Speeds 


Sherlock  UMctI  a  uperial  fliita  Huniplc  ohtaiiioH  froit)  nnertomotry  oqulpnictit 
ilosifpicfl  Ui  indicate  Riisl  durations  <lo\  n  to  0.  '»  hoc.  Tl»r  RUHt  factorH  arc  hiRher 
than  for  the  operational  anoinosnclorH,  hut  Sherlock's  data  sample  was  quite 
limited;  his  J-sec  value  of  l.fif)  is  within  the  distrihution  of  the  operational 
anemometer  data.  Durst's  statistical  model  was  based  upon  several  samples 
of  10-min  lonR,  hiRh  speed  recorder,  anensometcr  runs,  lie  obtained  the  ratio  of 
these  sampltnR  periods  to  theii’  hourly  averages  In  order  to  obtain  the  ratios  of 
shorter  period  values  to  the  hourly  values.  Ills  empirical  data  were  taken  at  an 
anemometer  height  of  .lO  ft  and  limited  to  speeds  less  than  42  mph  (.'<0  knots).  Me 
applied  his  model  to  10-mph  (9-knot)  class  intervals  of  speed  up  to  HO  mph  (70  knots) 
to  obtain  expected  maxinmm  gusts  of  various  durations.  Probable  gust  factors  for 
(!00-,  (iO-,  30-,  20-.  10-,  ami  fj-sec  duration,  Indicated  in  Table  U,  are  nearly  the 
same  regardless  of  the  speed.  Mackey,  In  a  re|X)rt  on  Typhoon  Mary  when  it 
crossed  Ilong  Kong,  derived  maximum  speeds  for  5-,  10-,  HO-,  and  HO-sec  flurn*ton 
during  the  maximum  li-min  speed  of  (il  mph  (55  knots).  Short  duration  gust 
factors  are  much  higher  than  those  in  other  sources,  as  can  be  seen  in  Figure  2. 

In  order  to  determine  if  there  is  a  dif'erence  between  gusts  occurring  from 

tropical  storms  and  those  from  extra -tropical  storms,  samples  of  data  taken  from 

stations  with  anemometer  heights  of  10  to  25  ft  were  selected  from  the  54H  strip 

charts  from  operational  weather  recorders  for  tropical  and  extra-tropical  storms. 

Gust  factors  for  I -min  speeds  of  20  to  59  knots  were  combined  to  increase  the 

stability  of  the  samr'e.  These  are  compared  in  Table  9.  The  2-8er,  gust  factors 

appear  to  be  slightly  greater  for  tropical  storms,  but  the  significance  of  this 

21 

difference  needs  substantiation.  Sntlth  and  Singer  studied  the  gust  factors  for 
1-min  winds  during  1054  when  two  hurricanes,  Carol  and  Kdna,  were  passing  close 
to  Brookhaven  National  Laboratories,  l-ong  Island,  New  York.  Frlez  Aerovane 
equipment  was  located  on  several  levels  and  the  authors  determined  the  gust 
(assumed  to  be  2-sec  duration)  relationships  to  the  1-mln  averages  for  about  2  hr 
when  under  the  influence  of  these  storms.  Pertinent  data  are  provided  in  Table  10. 
The  lowest  anemometer  for  Brookhaven  is  37  ft  above  the  ground  as  compared  to 
heights  ranging  from  10  to  25  ft  for  the  operational  data,  but  mean  gust  factors 
from  the  Brookhaven  observed  hurricanes  are  slightly  greater  than  for  the  tropical 
storms  summarized  in  Table  9.  Also,  the  mean  2-sec  gust  factors  for  Carol  were 
virtually  the  same  as  for  Edna,  although  Carol's  speeds  were  considerably  stronger. 
Since  the  Brookhaven  tower  is  surrounded  by  a  scrub  pine  forest  reaching  up  to 
30  ft,  the  anememeter  height  of  37  ft  is  not  comparable  to  heights  of  the  i^-crntu-nal 
weather  station  anemometers  which  are  mostly  over  open  airports.  Apparently 
there  is  enough  difference  in  gustiness  with  synoptic  situation  and  local  terrain  to 

21.  Smith,  M.  E.  and  Singer,  l.A,  (1956)  Hurricane  Winds  at  Brookhaven 
National  Laboratory,  Brookhaven  National  Laboratory,  unpublished  study. 
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Table  H.  I’rolmble  (50  percent)  (Uiat  l-'aotoi’H  for  20-  lo  tlO-inpl)  AvcriiKP  Hourly 
S|H!eilH  TalnK  Dur.st'n”  Model 


Mean 
Spe 
(mpfi)  * 

lourly 

ed 

~n<notflT 

iiOO  sec 

(iO  sec 

Gust  Facto 
DO  sec 

r  (OF) 

20  sei' 

iU  sei' 

5  HVK 

20 

17 

1.05 

1.25 

1.50 

1.55 

1.40 

1 .  50 

;io 

2(i 

1.07 

1.25 

1.55 

1.57 

1.45 

1.47 

40 

55 

1.07 

1.25 

1.52 

1.5  5 

1.42 

1.4!1 

50 

45 

l.Oli 

1.24 

1.52 

1.511 

1.42 

1.4(1 

(iO 

52 

1.07 

1.24 

1.52 

1.5  5 

1.42 

1.4(1 

70 

111 

1.01. 

1.24 

1.51 

1.5(i 

1.41 

1.49 

110 

l«9 

1. 0(i 

1.24 

1.55 

1.5li 

1.45 

1.4(1 

Table  9.  C'umparlflon  of  2-Hec  Guat  Tactora  During  1-mln  Winda  of  20  lo  5!)  knota 
In  Tropical  and  Kxtru -tropical  Storina,  Anemometer  Hcigltt  10  to  25  ft 


—  . . . 

Guat  Factor 

Percentile  Values 

.Storm  Type 

No. 

Observ, 

Mean 

Standard 

Dev 

50 

75 

90 

98 

Tropical 

107 

1.50 

0.  133 

1.54 

1.42 

1.49 

1.  70 

Fxtra -tropical 

79 

1.51 

0.  no 

1.29 

1.59 

1.47 

1.  01 

Table  10.  Mean  2-8ec  Guat  Kuctora  In  l-mln  Winds  for  ilurrlcanes  C  arol  and 
Kdna  (Smith  and  Slnger2 1) 


Height 

(ft) 

Carol 

Kdna  Til 

■•'Speed 

(knots) 

Gust  Factor 

‘I'Speed 

(knots) 

Gust  Foctor 

37 

28 

1.43 

23 

1.45 

75 

30 

t..58 

150 

47 

1.28 

28 

1.  29 

355 

52 

1.22 

410 

30 

1.  18 

■I'Mean  of  all  1-mln  average  speeds  for  the  period  studied,  about  2  hr. 
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obsrurc  n  ronclusion  on  the  I'clatlve  turbulence  of  tropical  and  extra -tropical 
Htorma, 

Hecorder  charts  of  steady  winds  (jroater  than  70  knots  arc  scarce  and 
"withstanding"  wtndspeed  criteria  can  well  exceed  tills  value.  Data  for 
Mi,  Washington,  compiled  from  recorder  charts  In  lOSH  by  Al'C  ltl.'s  M.  Gutnick 
for  an  unpublished  study,  were  utilized  to  extend  the  speed  range.  This  source 
provided  20  observations  of  gust  factors  for  5-mln  steady  winds  ranging  from 
71  to  I'ili  knutb.  Another  input  are  four  values  derived  from  wind  data  taken 
during  hurricanes  that  passed  close  to  the  Blue  Hill  Observatory,  near  Iloston, 
Mass.  These  inputs  are  discussed  further  in  the  next  section. 


.1.3  HrvrliipMcnl  iif  (funl  Ksclor  ReUlicwHlilpn 

Our  purpose  in  this  part  of  the  study  is  to  establish  a  relationship  between 
expected  gust  and  the  steady  windspeed,  regardless  of  location.  Since  there  is  a 
wide  range  of  exposure  conditions  and  instrumentation  in  the  548  operationa), 

2(1  Mt.  Washington  and  4  Blue  Hill  wind  maxima,  it  was  decided  that  the  moat 
representative  relationship  of  the  gust  to  the  average  speed  would  be  that  obtained 
from  using  all  the  data  and  applying  it  to  the  average  anemometer  height  from 
which  the  data  were  taken,  approximately  SO  ft. 

The  form  of  the  relationship  between  the  gust  factor  and  the  steady  wind 

poses  another  problem.  A  straight  line  regression  curve  would  provide  a  fair 

approximation  of  the  expected  decrease  in  gust  factor  with  increasing  speed; 

however,  it  would  imply  that  ot  some  speed,  perhaps  between  150  and  200  knot.s, 

expected  gustlness  becomes  zero.  I.oglc  implies  that  the  true  relationship  is  a 

curve  asymptotic  to  a  gust  factor  of  l.O,  so  that  there  is  expectancy  of  some 

gustlness  no  matter  liow  strong  the  speed.  This  is  in  general  agreement  with 

findings  of  turbulence  in  the  upper  air.  At  jet  stream  levels  of  30-  to  40-thou8and 

22 

ft,  aircraft  research  by  Indltch  and  McLean  show  gusts  running  5  to  20  fps 
(3  to  12  knots)  with  a  peak  gust  of  37  fps  (22  knots)  when  there  is  measurable 
turbulence.  The  average  Jet  stream  core  speed  la  240  fps  (142  knots),  but  speeds 
approaching  338  fps  (200  knots)  with  turbulence  have  been  encountered.  The  gust 
factor  at  such  extremes  is  evidently  about  1. 1  when  there  is  turbulence,  but  the 
expected  factor  must  be  closer  to  1,0  since  measurable  turbulence  was  observed 
only  about  30  percent  of  the  time  during  research  in  the  jet  stream. 

To  obtain  a  more  realistic  solution,  a  least  squares  relationship  in  which  the 
gust  factor,  CF,  approaches  unity  with  increasing  5-min  speed  was  developed. 


22,  Endlich,  R.  M.  and  McLean,  Ci.S.  (1065)  Jet  stream  structure  over 
central  United  States  determined  from  aircraft  observations,  J.  Appl.  Meteorol. 
4(No.  1)!83-90.  -  - 
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The  I'cHultlng  equation  takes  ttie  form 


-nv 

CF  1  +  Ac  (t) 

where  A  and  B  are  constants  and  the  speed  of  the  steady  wind,  V  ( ^0  knots),  is 
taken  to  be  the  B-min  average.  This  implies  a  gust  factor  of  1  plus  A  wlien  the 
5~min  speed  is  truly  zero,  but  this  relationship  was  not  designed  to  be  applicable 
below  the  range  of  data  used,  20  knots. 

l-'igure  :i  show.s  the  niedian  (.'jO  percentile)  gust  factors  (taken  from  Tnl)lc  7) 
versus  class  interval  midpoints  of  25,  35,  45,  55,  and  H5  knots,  the  2-8i'C 
GF  curve  Gh’  1  +  0.  55  e  antj  jj  30-sec  GF'  curve  subjectively  drawn. 

Also  included  are  two  points  of  median  gust  factor  for  the  Mt.  Washington  winds, 
one  for  11  observations  ranging  from  71  to  80  knots,  and  the  other  for  15  observa¬ 
tions  ranging  from  92  to  188  knots.  The  Blue  Hill  point  includes  four  values  with 
a  speed  range  of  73  to  105  knots. 

A  study  of  Figure  3  indicates  that  although  the  Mt,  Washington  points  do  not 
quite  follow  the  pattern  of  decreasing  gust  factor  as  speed  increases,  the  small 
decrease  (from  1,  19  to  1.23)  does  not  appear  significant.  Also,  the  Blue  Iltll  data 
point  does  not  help  in  establishing  tills  (lattcrn,  probably  because  two  observations 
for  the  September  1938  hurricane  are  based  upon  passage  of  miles  of  wind  over  a 
3 -cup  anemometer  which  did  not  have  modern  few -second  response  recorders. 
These  values  were  obtained  from  notes  made  by  the  observer.  .Since  the  Blue  Hill 


Figure  3.  Median  Values  of  the  Gust  Factor  for  5-mln  St  eady  Speeds,  the 
2-aec  GF  Curve,  OF  -1  +  0,  55e*0"  and  a  30-aec  GF  curve  subjectively 

drawn  (number  of  observations  for  each  point  is  shown  in  parenthesis) 
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average  in  based  on  much  leas  data  than  the  other  points,  it  may  not  be  representa¬ 
tive  of  the  true  average. 

The  constants  and  parameters  giving  statistical  representativeness  for  the 
entire  sample  of  and  various  selections  of  the  data  are  shown  in  Table  11.  Also 
shown  are  the  gust  factors  for  S-min  speeds  from  25  to  200  knots  which  were 
computed  from  the  relationships  derived  for  the  sample.  There  is  little  difference 
between  the  values  obtained  with  all  578  observations  ( column  I)  and  the  same 
sample  excluding  the  four  questionable  Blue  Hill  observations  (column  II). 

The  F-ratlo  for  significance  shows  both  fits  are  very  highly  significant,  but 


Table  11.  Oistributions  of  the  2 -sec  Gust  Factor  (GF)  to  the  5 -min  Steady  Speed 
Calculated  From  a  I. east  Squares  Fit  to:  GF  =  1  +  Ae“BV 


- 

— 

Samples* 

- 

'  -  " 

I 

11 

ill 

IV 

V 

Sample  size,  n 

578 

574 

548 

260 

248 

Constant,  A 

0.55 

0.56 

0.61 

0.  59 

0.  62 

Constant,  B 

0. 0093 

0.0102 

0.0122 

0.0116 

0.0115 

Standard  error,  SE 

0.45 

0.44 

0.44 

0.  44 

0.43 

Coef.  of  Correl. ,  r 

0.35 

0.38 

0.34 

0.31 

0.35 

F-ratlo 

81 

95 

69 

27 

34 

Gust  Factors 

5-min 

steady 

Speed 

V(kts) 

GF 

GF 

GF 

GF 

GF 

25 

1.44 

1.43 

1.45 

1.44 

1.47 

35 

1.40 

1.39 

1.40 

1.39 

1.41 

45 

1.36 

1.35 

1.35 

1.35 

1.37 

55 

1.33 

1.32 

1.31 

1.31 

1.33 

65 

1.30 

1.29 

1.28 

1.  28 

1.  29 

75 

1.27 

1.26 

1.24 

1.  25 

1.  26 

100 

1.22 

1.20 

1.  18 

1.  18 

1.20 

125 

1.  17 

1.17 

1. 13 

1.  14 

1.  15 

150 

1.  14 

1.12 

1. 10 

1.  10 

1.  11 

175 

1.11 

1.09 

1.07 

1.08 

1.08 

200 

1.09 

1.07 

1.05 

1.06 

1.06 

^Samples:  I.  All  data  from  operational  anemometers  plus 

Mt.  Washington  and  Blue  Hill. 


II.  All  data  except  Blue  Hill. 

□  I.  Operational  anemometers  only. 


rv.  Operational  anemometers  at  75  to  95  ft. 
V.  Operational  anemometers  at  10  to  28  ft. 
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exclu-slon  of  the  Blue  Mill  values  raises  the  K-ratio  from  81  to  0f>.  The  values 
obtained  using  all  548  operational  anemometer  data,  the  280  observations  from 
operatlt>nal  anemometers  between  75  and  95  ft,  and  the  248  between  10  anrl 
28  ft,  are  shown  in  columns  111,  IV  and  V,  respectively.  I-’orty  obsci-vations, 

30  at  58  ft  and  10  at  58  ft,  of  the  548  observations  in  the  distributions  of 
Tables  3,  4  and  8  were  omitted  from  columns  IV  and  V.  There  is  little  difference 
between  the  results  for  liigher  and  lower  anemometers.  Justifying  application  of 
the  expression  to  all  observations  of  the  steady  winds  of  the  cTimatologicul  distri¬ 
butions  selected  for  "operational"  and  "withstanding"  extremes.  The  tendency  for 
gust  factors  to  V>e  smaller  at  greater  heights,  especially  as  speed  increases  (us 
shown  by  the  mean  and  standard  deviations  of  gust  factors  in  Table  8),  is  mostly 
masked  out  by  the  least  squares  regression. 

The  relatively  small  correlation  coefficients  (Table  11)  clearly  depict  tl>e 
great  variability  of  gustincss  from  one  situation  and  place  to  \nother.  It  appears 
desirable  to  settle  on  one  relationship  between  5-min  wlndspceds  and  2 -sec  gusts; 
that  relntlonsliip  is  probably  best  depicted  by  K<i.  (1)  and  the  values  under  column  I 
in  Table  11.  Selecting  column  I  values  over  column  11  values  avoids  any  arbiti-ary 
discarding  of  available  data.  It  also  provides  some  conservatism  since  gust  factors 
at  extremely  high  windspeeds  will  be  in  tlte  same  "Uill  park"  as  is  implie<l  from 
the  jet  stream  turbulence  encounters  of  aircraft  at  com|)arab)e  high  wintlspeeds  in 
the  free  air.  The  curve  for  the  2-sec  gust  shown  in  I'igure  3  is  for  the  constants 
A  and  M  given  in  column  I.  Table  11. 

A  tool  to  obtain  gusts  of  other  durations  whlcli  would  be  applicable  to  the 
various  downwind  dimens  ons  shown  in  Table  1  is  still  required.  To  develop  this, 
the  general  assumption  that  the  gust  factor  diminishes  logarithmically  with  in¬ 
creasing  duration,  as  in  Figure  2,  was  accepted,  but  it  was  rerugni/.ed  that  the 
relationship  is  not  e\act  and  details  providing  departures  from  it  would  be 
desirable.  As  a  first  step  the  2-scc  factors  were  computed  from  Kq,  (1)  and 
column  I,  Table  11.  These  arc  listed  in  Table  12.  Tlie  next  step  was  to  plot 
the  median  (50-perccntlle)  values  of  the  30-sec  (IF  from  Table  7  on  Figure  3. 
curve  was  fitted  by  eye  to  the  remaining  points,  resembling  the  2 -sec  curve,  but 
with  a  much  smaller  slope  since  the  range  of  ratios  of  30-sec  to  5-mln  winds  is  so 
much  lower  han  2-8ec  to  5-mln.  Gust  factors  for  the  30-8ec  wind  selected  from 
this  curve  are  shown  in  the  second  column  of  Table  12.  The  values  in  I'shle  12 
are  plotted  on  Figure  4.  It  permits  one  to  estimate,  as  a  function  of  the  5-min 
speed  a  most-probable  gust  for  various  durations  between  2-sec  and  5-min.  As 
has  been  indicated,  much  of  the  recent  wind  summaries  contain  steady  winds  titat 
are  1  min  averages;  consequently,  gust  factors  are  required  for  these  1  -min 
steady  speeds.  Gust  factors  for  2-sec  gusts  in  1-mln  wind  speeds  can  be  estimated 
by  dividing  the  2-sec  gust  factors  for  5-mtn  winds  by  the  80-sec  gust  factors  for 


'l';il)lc  12.  (lust  I’:ic'toivs  With  l{os|>c<'t  to  tho  "i-min  .-itcafiy  Spcrcl.  'i  hr  (!0-sot-  Cl-' 
was  i-.stiinatofl  froni  I'iRuro  4,  the  :tO-st*c  CK  was  estinuitcrl  from  l'ig\ii-r  t,  and  the 
2-soc  Cl-'  was  rierived  fi'oni  l-a).  (1) 


'lulilr  i:).  liUHl  I'in'Ioi'S  With  Ui’HjM'rt  to  ttio  1 -mill  Sti'aiiy  Spi'i-d.  'I'lu' 
lO-Mi'i’  lil  was  I'ah'ulali'd  vi.sliH!  thi*  ratio  of  tiu'  dO-.si'i-  to  thr  ilO-sc-c  til' 
vahii's  i;tv«'n  in  'riildr  IJ,  Similarli',  tIu'  2-.sot'  (>!'  was  calculalcil  iisinj^ 
till'  ratio  of  thr  2-.sri'  to  thr  liO-srr  <;i'  valura  in  Tahlc  12. 
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1.  OHIO 

■>  inln,  both  in  Table  12.  These  values  arc  provided  in  Table  i:t.  Analogous  .'iO-scc- 
values,  obtained  by  dividing  the  30-3cc  gust  factors  by  tlie  i:0-scc  gust  factors  are 
also  presented  in  Table  13.  igure  ">  is  a  plot  of  the  values  in  Table  13.  It  pro¬ 
vides  a  tool  for  csfiiuating  gust  factors  for  durations  down  to  less  than  a  tenth  of 
a  second. 

Tlic  value  of  the  gust  factors  obtained  using  Figures  4  and  a  is  the  best 
estimate  of  a  gust  to  use  for  a  win<lspeod  which  has  a  specific  risk,  considering 
the  many  locations  and  synoptic  situations  typical  of  ex|>03ure  of  military  equipment. 
In  some  cases  gusts  will  be  higher,  in  others,  lower,  but  the  probal)ility  of  a  2 -sec- 
gust  using  these  gust  factor  relationships  will  thus  be  about  the  same  as  the  steady 
speed  decided  upon. 

3.  I  Vddilinnul  l'«ii!<idpruliunN 

■The  emphasis  in  this  re|)ort  leas  been  placed  on  the  most  common  wind  condi¬ 
tions;  however,  there  arc  other  locally  prominent  situations  for  whicli  general 
applications  would  be  unreliable.  Wind  flow  in  the  lec-  of  mountains  represents  one 

such  situation.  These  occur  frequently  during  the  winter  montiis  along  the  eastern 

•>3 

foothills  of  tlio  Itockv  Mountains  and  other  areas  of  the  world  (Julian  and 
24 

l.ovlll  )  where  moderately  strong  winds  at  low  altitudes  run  into  mountain  bar¬ 
riers.  Wind  recorder  charts  during  the  storms  of  Hi  January  19(i7  and  7  January 
19(i9  at  the  National  Cctiter  for  Atmospheric  Hescarch  (NCiAlt),  Boulder,  Ciolorado 
were  reproduced  in  the  NC'All  Quarterly  (Spring  I9f>7  and  May  lOliD).  Steady  winds 
were  nearly  50  mph  (43  knots)  for  several  hours  while  peak  gusts  were  110  to 
12Sniph  (9(i  to  109  knots).  It  was  not  possible  to  resolve  1-  or  5-min  velocities 
due  to  the  slow  speed  of  tlto  recorder,  but  tlte  gust  factors,  frequently  greater  than 
2.00,  were  considerably  higher  than  any  other  strong  winds  studied.  'I'his  ex¬ 
treme  gustiness  from  u  lec  wave  in  the  foothills  of  a  mountain  barrier  seem  far 
more  severe  than  gustincss  on  un  isolated  mountain  peak,  sue))  as  Mt.  Washington, 
where  steady  winds  are  more  severe.  Designing  military  ci\uipmcnt  to  with¬ 
stand  such  gust  factors  is  not  required,  since  gusts  as  strong  as  these  are  ob¬ 
tained  with  the  lower  gust  factors  at  higher  steady  vlnds  avallcblc  from  the 
climatology  of  typical  windy  areas. 

Terrain  differences  can  also  produce  large  variations  in  windspeed.  I-'or 
example,  Santa  Ana  and  Newhall  winds  of  Callfomia  occur  when  northly  winds 


23.  Julian,  I..  T,  and  Julian,  I’.  R.  (1909)  Boulder's  winds,  Weatherwise 
^(No.  3). 

24,  l.ovill,  J.  K.  (1969)  Transport  j^rocesses  in  Orographically  Induced 
Gravity  Waves  as  Indicated  by  Atmospheric  f7zone.  Atmospheric  Science 
Paper  No.  135,  Colorado  State  University.  Port  Collins,  C  olorado, 
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arc  channeled  into  mountain  passes  and  valleys  with  a  resultant  increase  in 
25 

velocity  (Koutnick  ).  Similarly,  a  change  in  wind  gustiness  can  accompany  a 
change  in  wind  direction.  One  such  occurrence  seems  to  be  present  in  the  data 
sample  used  for  this  report.  Figure  6  illustrates  this  change  which  occurred 
during  a  typhoon  at  Kadena  AH,  Okinawa,  As  the  storm  approached,  between 


Figure  6.  Windspeed  Record  (knots)  During  a  Typhoon  at  Kadena  AB,  Okinawa, 

2  -3  October  1901.  Figure  6(a)  was  taken  with  a  NE  wind  as  the  storm  approached, 
and  Figure  6(b)  was  taken  after  the  wind  )iad  gradually  veered  to  the  SSE  when  the 
center  of  the  typhoon  had  passed 


25.  Koutnick.  W.  ( 1968)  Newltall  winds  of  the  Son  Fernando  valley.  Weather- 
wise  21(No.  5);186. 


2000  and  2100  hr  on  2  October  19G1,  the  winds  were  out  of  the  northeast  and  very 
(pjsty;  the  mean  5 -min  speed  was  00  knots  and  the  mean  gust  factor  was  1.  02. 

When  the  center  of  the  typhoon  passed,  the  wind  direction  gradually  veered  to  the 
SSE  and  by  0600  to  0700  hr  on  3  October  1961,  although  the  mean  windspeed 
was  still  very  strong,  63  knots,  the  strong  gustiness  was  not  longer  present— the 
mean  gust  factor  had  dropped  to  1.  11.  Wind  records  at  nearby  Futema  MC'AF, 
Okinawa  during  the  same  hurricane  do  not  indicate  any  reduction  in  gustineas  such 
as  shown  in  Figure  6.  Since  no  reference  to  instrument  damage  was  made  on  the 
recorder  chart,  it  appears  that  orographic  differences  were  the  probable  cause. 

I.  BKII  WlOR  OF  FXTRFMK  KIMISPKKOS  VNO  til  STS  RITII  IIFItillT 

A  major  problem  with  pooling  the  various  inputs  of  wind  data  was  the  deter¬ 
mination  of  the  best  method  for  adjusting  windspeeds  to  a  common  height.  Once 
this  relationship  was  established,  it  could  then  be  used  to  describe  windspeed  and 
gusts  over  the  vertical  extent  of  use  of  military  equipment. 

Wind  flows  in  resptonse  to  a  difference  in  pressure  in  the  atmosphere.  These 
pressure  gradients  change  slowly  with  altitude,  and  so  for  practical  purposes,  the 
changes  within  the  layer  for  which  equipment  must  be  designed  i.s  negligible;  yet 
changes  in  speed  with  height  through  this  layer  are  known  to  be  quite  great 
because  air  motion  near  the  surface  does  not  obey  the  pressure  gradient  law. 
Anemometers  near  the  ground  may  be  hardly  turning,  whereas  those  on  tall 
buildings  and  towers  may  show  moderately  strong,  gusty  winds;  kites  may  be  dif¬ 
ficult  to  launch,  but  once  several  hundred  feet  high,  they  fly  without  difficulty. 
Friction  caused  by  terrain  is  one  of  the  main  factors  affecting  the  vertical  gradient 
of  the  wind  up  to  an  altitude  at  which  friction  is  considered  negligible,  the  gr  .Jient 
level.  At  this  height,  1  or  2-thousand  ft,  the  pressure  gradient  is  said  to  be 
dynamicrlly  balanced  against  two  components  involving  rotation:  (1)  that  of  the 
rotation  of  the  earth;  and  (2)  the  curvature  of  the  wind  path.  A  theoretical  wind 
can  he  computed  for  isobars  on  a  surface  weather  map  which  quite  closely 
corresponds  to  observed  winds  at  the  gradient  height. 

The  height  of  the  gradient  level  and  the  velocity  profile  of  the  wind  up  to  that 
level  can  vary  greatly,  mainly  due  to  the  type  of  surface  and  the  stability  of  the 
air.  Stability  is  chiefly  a  function  of  the  temperature  structure  in  the  boundary 
layer  which  can  range  from  a  super -adiabatic  lapse  rate  (temperature  decreasing 
with  altitude  so  sharply  that  air  displaced  -upward  will  continue  upward  because 
it  is  warmer  than  its  surroundings),  to  a  negative  lapse  rate  or  Inversion 
(temperature  increasing  with  height  and  consequently  air  displaced  upward 
is  cooler  than  its  surroundings  and  tends  to  sink  back  to  its  original  level). 
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TItf  inversion  is  a  very  staiile  situation  during  which  fog  and  |>ollution  is  often 
present.  A  neutral  condition  (adiabatic)  is  said  to  exist  when  the  temperature  laptre 
rate  is  such  that  a  parcel  of  air,  displaced  vertically,  will  experience  no  buoyant 
acceleration.  This  report  is  concerned  with  the  relationship  during  which  very 
strong  speeds  occur  at  the  surface  and  for  which  equipment  must  l>e  designed  to 
operate.  In  general,  a  neutral  (adiabatic)  lapse  rate  is  established  by  the  turbulent 
mixing  caused  by  these  strong  winds  at  tlie  surface,  simplifying  the  problem  of 
arriving  at  the  most  typical  wlndspeed  profile  for  very  high  speeds. 

llasic  equations  for  specifying  wlndspeed  and  direction  with  altitude  in  the 
boundai'y  layer,  originally  developed  for  ocean  depth,  is  termed  the  l^kman  Spiral. 
However,  micrometeorologists  who  liave  been  studying  the  energy  transfer  and 
diffusion  phenomena  in  the  boundary  layer,  have  found  various  empirical  relation¬ 
ships  which  fit  wlndspeed  data  gathered  at  various  heights  above  the  ground.  I'wo 
general  relationships,  a  logarithmic  and  a  power  law,  have  been  used.  F'or  thick 

layers  (when  heights  arc  between  several  meters  and  about  300  m),  wind  profiles 

26  27  28 

tend  to  obey  a  power  law  (DeMarris,  Johnson,  and  Munn  ).  This  relation¬ 
ship  is  normally  used  when  neutral  stability  exists.  The  power  law  is  the  form 

VIVq  (H/iyP  (2) 

where  is  the  wlndspeed  at  some  reference  level,  H^,  and  V  is  the  wlndspeed  at 
the  desired  level,  M.  The  exponent,  p,  is  dependent  on  the  atmospheric  tempera¬ 
ture  lapse  rate,  wlndspeed  and,  to  a  lesser  extent,  on  ground  roughness. 

The  exponent,  p,  averages  between  0.  1  and  0.3,  but  can  range  from  near  zero 
to  about  0.8.  It  is  larger  under  a  stable  vertical  temperature  gradient  and  smaller 
for  neutral  and  unstable  conditions;  it  decreases  with  increasing  windspeeds  and 
increases  somewhat  with  terrain  roughness  (DeMarrais^*').  The  typical  value  used 
for  p  is  1  7  (equal  to  0.  143)  (Sherlock*^’).  Early  workers  had  already  recognized 
that  this  p  value  was  applicable  to  typical  steady  or  mean  winds  but  not  applicable 
to  gustincss,  and  Sherlock  noted  that  gusts  were  better  described  with  a  value  of 
p  0.  0025.  Shellard,  ^  in  reducing  high  windspeeds  and  gusts  to  a  common  height 
of  33  ft,  used  the  power-law  relationship  with  a  p  value  of  0,  17  for  mean  speeds 
and  0.085  for  gusts. 


26.  DeMarris,  G,  A.  (1959)  Wind-speed  profiles  at  Brookhaven  National 
Laboratory,  J.  Meteorol.  W;(No.  2):181-190. 

27.  Johnson,  O.  (1959)  An  examination  of  vertical  wind  profile  in  the  lowest 
layci  s  of  the  atmosphere,  J.  Meteorol.  J^(No.  9):144-148. 

28.  Munn,  R,  E.  (1966)  Descriptive  Micrometeorology,  Advances  in 
Geophysics,  Academic  Press,  New  York  and  lx)ndon. 
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It  is  difficult  to  determine  appropriate  p  values  for  extreme  speeds  because 
the  majority  of  studies  of  wind  profiles  arc  made  under  regimes  of  light  to 
moderate  windspeeds;  therefore,  p  values  resulting  from  such  studies  may  not  be 
applicable  to  extremely  high  windspeeds. 

5 

In  one  of  the  most  recent  reviews  of  this  problem,  Davenport  introduced 
the  topic  with  the  following  summary  of  the  average  p  values  and  also  the  average 
height  above  the  ground  of  the  gradient  wind. 


« 

Gradient 

l> 

Height  (R) 

Flat  open  country 

0. 16 

900 

Rough  wooded  country,  city  suburbs 

0.  28 

1300 

Heavier  builtup  urban  centers 

0.40 

1400 

Since  Davenport  is  most  concerned  about  design  of  large  buildings  and  struc¬ 
tures,  he  also  presented  p  values  obtained  from  cities  all  over  the  world  based 
upon  observations  at  different  heights  up  to  1250  ft.  These  values  are  generally 
0.3  to  0.4  and,  if  applied  to  anemometer  heights  of  the  data  sample  studied 
herein  to  obtain  operational  and  withstanding  extremes,  could  lead  to  considerable 
gradient  in  the  vertical  of  the  mean  or  steady  windspeeds.  The  reason  for  this 
is  that  they  must  show  the  increase  such  that  the  gradient  which  is  attained  at  the 
gradient  level  will  be  the  same  as  in  the  surrounding  open  country.  Since  the 
winds  in  the  lower  boundary  layer  in  the  cities  will  be  much  weaker  because  of 
the  blocking  of  the  buildings,  a  very  large  increase  with  height  must  be  shown. 

In  fact,  Davenport  provides  a  comparison  of  maximum  windspeeds  on  tali  city 
buildings  with  those  from  much  lower  anemometers  of  neighboring  airports.  The 
airport  speeds  are  considerably  higher.  Our  problem  is  to  arrive  at  the  correct 
p  values  for  flat  and  open  country  when  very  strong  steady  winds  are  being  en¬ 
countered  and  for  the  various  gust  durations  found  applicable  to  equipment. 

To  get  a  better  appreciation  of  the  problem,  a  special  study  was  made  with 
research  data  obtained  by  AFCRL's  Boundary  Layer  Branch  (I.YB)  in  connection 
with  diffusion  and  energy -transfer  research.  The  study  is  summarized  in 
Appendix  B.  As  noted  therein,  the  surrounding  terrain  was  flat  and  unobstructed. 
Unfortunately,  steady  speeds  up  to  only  about  25  knots  were  obtained,  considerably 
lower  than  the  values  needed  in  establishing  extreme  windspeed  relationships. 

Figure  B1  in  Appendix  B  describes  the  pattern  of  decreasing  p  values  as 

1  f\ 

steady  speed  increases  and  gust  duration  decreases  as  noted  by  Sherlock. 

Except  for  the  decrease  of  p  with  increasing  windspeed,  these  values  support 
the  practice  in  the  United  Kingdom  of  applying  mean  hourly  windspeeds  of 
anemometers  to  other  heights  utilizing  a  p  value  of  0,  17,  and  using  a  p  value  of 
0.085  for  a  3 -sec  gust. 
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since  our  chief  concern  Is  how  wind  nnd  gust  varies  during  oxceptlonuUy 
strong  winds,  no  conclusions  as  to  the  appropriate  p  values  can  he  made  on  the 
material  provided  thus  far.  I'nfortunatcly,  there  are  few  mlcrometoorologlcal 
research  data  available  under  such  extremely  strong  wind  conditions.  Smith  and 
Slnger^^  studied  continuous  wind  recordings  at  four  levels  In  one  case  and  three 
levels  In  another  to  altitudes  of  roughly  400  ft  during  the  passage  of  two  hurricanes 
^  near  mlcromcteorologlcnl  towers  ut  Brookhaven,  New  York.  One-nilnute  averages 

and  2- sec  gusts  were  obtained  continuously  for  about  20  hr  In  each  case. 

Table  14  has  been  prepared  from  the  mean  1-mln  and  mean  peak  gust  data. 

It  shows  the  p  values  very  much  higher  than  were  expected  when  the  heights  used 
in  the  power  expression  arc  those  of  the  anemometer  above  the  ground,  A  review 
of  the  situation  Indicated  that  the  meteorological  data  tower  is  surrounded  by 
scrub  pine  with  an  average  height  of  30  ft.  Therefore,  the  p  values  obtained  with 
I  30  ft  subtracted  from  the  actual  unemumeter  heights  h.is  also  been  included  In 

Table  13.  These  are  much  closer  to  the  typical  values  suggested  for  flat  areas; 
however,  differences  arc  not  as  great  as  would  be  cxt>ected,  especially  on  the 
basis  of  the  Sherlock,  .Shellard,  and  Grlngortcn  data  which  are  for  nominal  Hjjceds, 
No  explanation  can  be  provided. 

One  of  the  best  sources  of  high  wind  speed  data  at  various  levels  was  the 

Argonne  National  I.aboratory  Flftcen-Ycar  Climatological  Summary  (Moses  and 
29 

Bogner  ).  Table  87  In  that  summary  contains  the  maximum  wlndspced  (gust) 
recorded  each  month  from  1  January  1950  through  31  December  19(54  at  the  19- 
and  l50-ft  levels  of  their  meteorologically  instrumented  tower  In  Argonne, 

Illinois.  Gust  speeds  up  to  92  mph  were  recorded  at  19  ft,  and  up  to  8(5  mph  at 


Table  14.  Power  I.aw  Exponent,  p,  for  Hurricanes  Carol  and  Edna  (based  on 
2  hr  of  1-mln  and  2-8ec  speeds  measured  at  the  Brookhaven  I.aboratorv,  N.  Y. ) 
Values  In  parentheses  obUlncd  when  average  height  of  surrounding  scrub  nine 
30  ft.  is  subtracted 


Ca  rol 

Edna 

37/355  ft 

(7/325  ft) 

37/410  ft 

(7/380  ft) 

Average  of  l-min  Speeds 

0.310 

(0.  182) 

0.  320 

(0.  197) 

Average  of  Max.  2-8ec 

Speed-per- Minute 

0.  233 

(0.  137) 

0.  236 

(0.  142) 

29,  Moses,  H.  and  Bogner,  M,  A.  (1967),  Fifteen-year  Climatological 
Summary  January  1,  1950-pecember  31.  19(54.'  Argonne  National  I.aiwralory, 
DuPage  County,  Argonne,  nilnois,  ANL-to64,  Argonne  National  Laboratory, 
Argonne,  Illinois, 
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1  lO  ft,  I'l  piiviilc  ('nnuuui\i('a(ioi)s  with  Mr.  Mosi'H  iiml  hiN  i-o-workors,  \vc  <U'- 
liM'Miincd  that  odIn  thi-ot'  of  the  lliO  iitoitthly  nuixitnuin  wiiul  pali'H  did  not  oemir  (iit 
till'  sanu'  ilay.  I'iir  the  rei)\ait)lit(!  177  palr.s  tl>e  oxpoiieiil,  p,  wan  del«'nidiicd  rroiv. 
the  wind  ,M'(!l'ile  pi>«c'r  law 

where  Vj,|ai)d  Vj  spcetln  nb.servcd  at  !!•  and  latt  I'l,  respeetively , 

I'iKiit'*'  7  shows  the  eotnpiited  p  values  plotted  a^nluHt  tlur  I'd-ft  windspeed  for  tlie 
177  |)aii's.  The  dispersion  of  p  values  for  a  s|K*€!d  Is  ()ulte  larye;  however, 

the  averanc  p  values  plotted  by  5-inph  tnerciuents  (the  x's)  dei  rc.'ases  relatively 
smoothly  for  Ih-ft  ^ust  a|>ocds  up  to  r)r>  ntpli.  Such  a  wide  spread  of  the  data 
slKitlfics  that  the  derived  relationship  may  be  valid  in  the  mean,  but  could  have 
poor  correlation  In  individual  cases. 

Figure  H  is  a  separate  plot  of  the  mean  p  values  with  the  sample  sl/e  for  each 
eatepnry  shown  next  to  each  |>fitnt,  Followlne  the  ;;eneral  dt'i'rease  hi  p  values 
with  increasing  wind  speed  up  to  rir>  niph,  there  is  a  sharp  Increase  in  p  for  the  two 
highest  windspeed  Intervals,  It  cannot  be  determined  If  this  uiu-xpecteil  increast'  is 
real  or  if  it  is  the  result  oi  the  small  sample  sl/.e  at  the  higher  speeds.  The 
relative  dispersion  of  p  values  around  the  plotted  mcan.s  is  indicated  hy  the  stuiaianl 
deviation  by  fi-mpli  Intervals  (the  dot -dash  curve  on  the  left). 

Also  shown  in  Figure  H  arc  tlie  curves  of  best  linear  fit  (correlation  coefficient 
:■  -0.  20)  and  liest  quadratic  fit  (r  0.  2!')  to  the  total  data  sample.  Ihiuations  lor 

the  curves  are: 

p  0.  1(54  -  0.  001 18  V,„  Cl) 

and 

p  0.  ,188  -  0.0120  Vjg  t  0.000127  V‘g  .  (4) 

The  linear  equation  has  the  drawback  of  a  zero  p  value  at  al>out  140  mph,  becoming 
negative  at  higher  speeds,  a  result  that  is  neither  logical  nor  borne  out  by 
mear  -rements.  Although  the  quadratic  equation  appears  to  fit  the  data  better 
and  hes  a  higher  correlation  coefficient,  there  is  no  physical  reasoning  to  support 
a  continuously  increasing  exponential  value  with  increasing  windspeed  at  speeds 
greater  than  47  mph.  It  was  decided  that  the  best  compromise  is  to  fit  a  hyperbola 
to  the  data,  depicted  in  Figure  9,  forcing  p  to  infinity  as  the  10 -ft  gust  speed 


19-FOOT  GUST  SPeCO.  V^{mpk\ 


EXPONENT  p,  FON  POWEN  LAW  V,,/V,,o  •  (19/190)' 


Figure  8.  Means  and  Standard  Deviations  by  5-knot  Intervals  of  the  19 -ft 
Speeds  for  the  Data  in  Figure  7;  also  best  linear  and  quadratic  fit  to  tiuit 
data 
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U|i|ii'uttc)u'8  /vro  »ni)  uIlowInK  the  dala  to  dctei'ioinr  the  hcHt  vertical  p 
iiHyntptote,  The  resulting  equation  Is 

p  0.77  •  l.r.ti  Vjj,  (5) 

whore  the  lindting  p  value  uppruaches  0,077  n.s  Vjjj  (inph)  hecomoM  very 
large;  however,  the  correlation  la  still  quite  low,  0.  2't,  due  to  the  dis¬ 
persion  of  the  data  |x>ints.  This  p  value  is  close  to  the  value  Sherlock^*' 
suggested,  0,0025,  in  coniunctiou  with  gusts. 

The  Argonne  National  I.alxjratory  also  observed  gust  sjHJeds  at  tin* 

75-0  level  on  their  instrumented  tower,  but  did  not  tabulate  the  niaximum 

monthly  speed  at  this  level.  In  a  private  communication,  we  obtained  a 

few  gust  maxima  for  the  75-ft  level,  five  of  which  could  bo  matched 

(within  3  n\ln)  to  maximum  gusts  at  the  10-  and  150-0  levels  listed  in 

29 

Argonne's  Table  87  (Moses  and  nogner  ).  Co  nputed  p  values  for  various 
levels  are  shown  in  Table  15  (19-0  w’indspeeds  ranged  from  52  to 
54  mph), 

.Specific  conclusions  cannot  be  drawn  from  the  previous  small  .sample. 

It  illustrates  how  the  p  vaiuc  is  highly  variable  and  is  dependent  upon 
both  the  altitude  increment  and  Its  height  above  ground.  Consequently, 
generalised  values  for  the  entire  boundary  layer  may  not  even  be  appli¬ 
cable  to  the  height  of  most  standardized  military  equipment  which  will 
nut  extend  more  than  a  few  hundred  feet. 

Table  99  of  the  Argonne  National  Summaries  presents  a  percentage 
frequency  of  p  values  versus  the  lO-min  averaged  wlndspeeds  measured 
at  10  0.  The  period  of  record  for  this  Table  Is  1  January  1901  through 
31  December  1904.  It  contains  about  35,  000  hourly  observations.  I'or 
19-ft  wlndspeeds  greater  than  24  mph  (the  highest  speed  class  interval 
presented),  the  median  p  value  is  about  0. 125.  Uased  on  this  informa¬ 
tion,  it  was  deciued  that  for  converting  all  windspeed  data  in  this  report 
to  common  heights,  the  power-law  relationship  will  be  accomplished 
with  p  values  of  0. 123  for  1-mln  mean  speeds  up  to  50  knots  which 
will  be  showm  to  be  applicable  to  operations.  A  value  of  0. 080  will  be 
used  for  1-mln  mean  speeds  greater  than  50  knots  (applicable  to 
"withstanding"  extremes)  as  well  as  for  all  gust  speeds.  The  appro¬ 
priate  conversion  factors  are  presented  in  Table  15. 
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Table  Ki.  Kactors  to  Convert  Wind  Speeds  at  10  ft  Above  Cround  to 
Wind  Speeds  at  other  Keifihts  Based  on  the  I’owcr  I.uw  Helationship 
Vii/Vio  ft  (H/l0ft)P  (I'sc  reciprocal  factors  to  convert  from  height 
n  to  10  ft) 


f 

lleisht 

P  0. 125f 

P  0.080 

ft 

(metei's) 

5 

(1.  5) 

0.917 

0.946 

10 

(3) 

1.000 

1,000 

20 

(fi) 

1.090 

1.057 

30 

(9) 

1.  147 

1.092 

40 

(12) 

1.  180 

1.  117 

50 

(15) 

1.223 

1.  137 

75 

(23) 

1.286 

1.  175 

100 

(30) 

1.334 

1.202 

125 

(38) 

1.371 

1.224 

150 

(46) 

1.403 

1.242 

200 

(61) 

1.454 

1.  271 

250 

(76) 

1.500 

1.294 

300 

(91) 

1.530 

1.313 

350 

(107) 

1.560 

1.329 

400 

(122) 

1.  586 

1.343 

500 

(152) 

I.  631 

1.367 

(>00 

(183) 

1.668 

1.388 

700 

1.701 

1.405 

800 

1.729 

1.420 

900 

(274) 

1.755 

1.433 

1000 

(305) 

1.778 

1.445 

For  use  with  l-.nin  steady  wind  speed  up  to  50  knots. 

For  use  with  1  -min  steady  wind  speed  greater  than  50  knots 
as  well  as  for  all  gust  speeds. 
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I'nless  otherwise  noted,  v/indspeeds  in  this  section  will  apply  to  a  height  of 
10  ft  above  ground.  All  data  used  were  reduced  to  that  height  using  the  power- 
law  relatic-nship  described  in  Section  4.  The  factors  in  Table  10  can  be  used  to 
convert  the  10-ft  winds  to  other  heights. 

Directly  recorded  data  for  record  wind  extremes  are  very  rare  due  to  damage 
or  destruction  of  the  w'ind  measuring  instruments,  power  outages,  etc.,  during 
the  event.  After  the  passage  of  severe  weather  phenomenon  such  as  tornadoes, 
typhoons  and  hurricanes,  there  are  numerous  reports  in  the  newspaper  or  other 
media,  of  very  high  wind  speeds  (up  to  200  mph),  but  attempts  to  obtain  the 
meteorological  records  substantiating  such  reports  invariably  indicate  that  the 
speeds  had  been  estimated,  perhaps  exaggerated.  These  estimates  have  some¬ 
times  been  calculated  from  the  amount  of  force  required  to  blow  over  a  building  or 
tree,  to  overturn  an  automobile  or  to  drive  a  metal  rod  through  a  wooden  px>st. 
Since  the  reliability  of  such  reported  speeds  are  unknown,  they  have  not  been  used 
in  this  report.  Even  estimates  from  meteorological  sources  have  been  excluded 
unless  the  speeds  were  at  least  observed  on  a  visual  indicator,  if  they  were  not 
actually  recorded. 

S.  I  HtM'ord  Hind  KxIrrairK 

Since  the  policy  for  MIi.-.STD-210E)  is  that  extremes  bo  applicable  to  general 
areas  rather  than  specific  point-type  locations,  mountain-peak  windspeeds, 
tornadoes  and  orographic  Tunneling  situations  have  been  excluded.  A  few  out¬ 
standing  examples  of  these  are  presented  in  this  section  for  general  background. 

If  the  designer  expects  his  equipment  to  be  used  in  such  locations,  a  special  wind 
study  should  be  tailored  for  the  installation. 

The  recognized  worldwide  maximum  windspeed  measured  at  a  surface  station 
is  a  5-min  speed  of  180  mph  (163  knots)  and  a  I-sec  gust  of  231  mph  (201  knots) 
measured  at  the  Mt.  Washington,  N.  H.  Observatory  on  12  April  1934.  lliese 
were  later  corrected  to  204  mph  (177  knots)  and  225  mph  (195  knots)  respectively 
(Pagluica  et  al'^^).  The  Mt.  Washington  Observatory  is  6202  ft  above  MSL  and 
the  anemometer  was  mounted  at  38  ft. 

Mt.  Fuji,  Japan  (Elevation  12,  375  ft)  is  also  known  for  its  windiness.  In  a 
23-year  record,  a  maximum  30-min  windspeed  of  141  knots  was  observed  in  1942. 
Gust  speeds  were  unavailable  from  this  location. 


30.  Pagluica,  S. ,  Mann.  D.  W.,  Marvin.  C.  F.  (1934)  Monthly  Weather  Review 
62:38. 
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Tornado  winds  also  are  excluded  from  military  desiffn  criteria  because  they 

arc  considered  to  be  too  localized.  No  wind  measurlnj;  device  has  ever  survived 

the  full  fury  of  a  tornadic  wind,  although  speeds  up  120  mph  have  been  observed 

in  close  proximity  to  tornadoes.  Some  authorities  have  suggested  that  winds 

could  exceed  200  mph  (Iluschkc^ ^).  It  has  been  estimated  that  winds  in  localized 

22 

regions  of  the  funnel  may  reach  peak  speeds  close  to  the  speed  of  sound  (Hattan'  ), 

<‘■.2  IlifihrM  KrrurdtMl  Viods  Vpplicublr  t»  \lli,>STI)-2lllll 

Excluding  the  Mt.  Washington  extremes,  the  highest  known  windspecd  was  a 

IHO-knot  gust  observed  (on  a  visual  readout)  at  Thule  AKR,  Greenland  during  a 
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severe  arctic  storm  in  March  1972  (Stansfield  ).  The  gust  was  measured  by  an 
Aerovane  anemometer  mounted  on  top  of  a  pliasc  shack  (shelter  hut)  at  a  height 
of  about  30  ft,  with  a  remote  readout  indicator  at  a  RMEWS  site.  The  phase  shack 
is  located  at  the  base  of  the  Greenland  Icecap  in  a  valley  between  two  small 
mountain  ranges  leading  to  Raffin  Ray.  1'he  additional  speed  due  to  the  gravita¬ 
tional  downslope  flow  of  the  ice-cap  air  mass  being  frnr.,  led  into  a  valley  makes 
such  a  location  ideally  suited  for  sustaining  exceptionally  high  windspeeds  as 
severe  cyclones  (often  exceeding  hurricane  intensity)  move  northward  over  Raffin 
Ray.  It  was  in  such  a  storm  that  the  ptiase  shack  experienced  winds  of  120  knots 
or  greater  for  4  hr  during  which  the  record  gust  of  ISO  knots  was  observed.  It  is 
of  interest  to  note  that  at  Thule  AR  (located  in  the  same  valley,  only  5  n  ml  away), 
a  maximum  gust  of  only  90  knots  W'as  observed  during  the  storm.  This  example 
emphasizes  the  extreme  variability  which  can  occur  over  short  distances. 

The  maximum  gust  speed  that  has  been  recorded  is  ir>2  knots  (height,  30  ft, 
corresponding  to  139  knots  at  10  ft).  It  occurred  during  a  typhoon  that  passed 
over  Iwo  Jima  AR,  Volcano  Islands  in  1948.  The  maxiii^um  recorded  sustained 
wind  is  a  5-n'in  speed  of  131  knots  measured  at  a  height  of  54  ft  (corresponding  to 
119  knots  when  corrected  to  a  1-mln  speed  at  10  ft)  at  San  Juan,  Puerto  Rico. 
However,  a  wind  of  this  magnitude  appears  to  be  an  extremely  rare  occurrence 
for  San  Juan.  In  a  no-year  record,  the  next  highest  annual  5- min  sustained  winds 
were  only  104.  7B,  70  and  fil  knots. 

The  extremes  cited  above  should  not  be  considered  the  highest  winds  that 
have  occurred.  Higher  speeds  most  certslnly  have  occurred,  but  they  merely 


31.  Huschke,  Ralph  E.  (Editor)  (1959)  Glossary  of  Meteorology.  American 
Meteorological  Society,  Boston,  Msssachuselts. 

32.  Rattan,  I..  J.  (1961)  The  Nature  of  Violent  Storms,  Anchor  Books, 
Houbleday  4  Co.,  Inc.,  Garden  City,  New  York. 

33.  Stansfield,  J.R.  (1972)  The  severe  arctic  storm  of  8-0  March  1072 
at  Thule  Air  Force  Base,  Greenland  Weathcrwlse  25(No.  S):228-233. 
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nnt  luM’n  ilvu'  tit  thi'tf  (lovaHtatint!  dantn(;r  of  altHPiii-i.'  of  wind 

ii'ilfiinicntation. 

Till'  hiclx'Mt  wintlftpcodH  affortlnn  sl/aitio  areas  occur  within  typhoons  tliat 
pass  over  the  islands  of  the  Wcstcriii  North  I’aclfic  Ocean.  Of  these,  Typhoon 
Nancy  was  the  most  intense  typhoon  ever  oltserved  by  the  Joint  Typhoon  Warning 
Center  (JTVVC)  since  its  inception  In  104r).  During  the  |ienk  Intensity  of  Typhoon 
Nancy,  there  were  five  consecutive  air  reconnaissance  observations  during  the 
period  Oj:tO  10  September  to  DiJO  Z,  lU  September  19GI,  each  of  which  In¬ 
dicated  reliable  estltciated  maximum  surface  winds  of  200  knots.  However,  the 
total  atialysis  of  the  storm  must  have  Indicated  a  sontewhat  lesser  Intensity 
lu'cause  the  JTWC  officially  reported  the  muximum  surface  winds  to  be  IHa  knots 
frotti  11  1200  /.  to  12  0(100  Z  (JTWC’^^l. 

Windspeeds  determined  by  aerial  reconnaissance  are  considered  to  be  steady 
w  inds  with  averaging  times  corresponding  to  a  duration  of  several  minutes.  One 
of  tlte  primary  rnethoils  used  for  e.^tintating  surface  windspeeds  Is  from  the  state 
of  the  sea,  such  as  sl/e  and  number  of  white  caps,  color,  etc.  Other  methods 
IncorjKirute  measurements  from  doppler  radar  and  sea-level  pressure  measuring 
dropsondes,  'I  his  latter  technique  was  probably  used  for  the  200-knot  estimates 
cited  above  since,  in  such  an  intense  storm,  low-level  penetrations  needed  to 
determine  the  state-of-thc-sea  are  not  made. 

l-'or  documetttution,  it  is  assumed  that  the  highest  sustained  wind  speed 
affecting  a  slrable  area  of  military  concern  was  the  1B5  knots  (sustained  for  a 
duration  of  several  minutes)  that  was  calculated  during  Typhoon  Nancy.  Assuming 
this  to  be  a  5-n\ln  steady  wind,  the  most  probable  2-8ec  gust  expected  to  accompany 
this  sustained  wind  would  have  been  204  knots. 

.i.J  lIpcraltoNMl 

AlUltary  equipment  sensitive  to  wind  forces,  such  as  ships,  and  aircraft 
(during  takeoff  and  landing)  rotating  radar  antennae,  etc.,  must  be  able  to  operate 
in  a  reaso'<ably  strong  surface  wind,  but  it  would  be  unreasonable  to  expect  opera¬ 
tions  during  extremely  infrequent  winds  of  say,  hurricane  force,  even  though  the 
equipment  should  be  able  to  withstand  fairly  rare  extremes.  Wind  currents  arc 
often  very  localized,  especially  In  rough  terrain;  hence,  it  is  difficult  to  obtain 
speeds  of  vac  lous  risks  for  the  entire  earth  in  order  to  select  the  windiest 
locations  over  which  military  operations  are  considered  possible.  Maps  of  the 
1-,  2  1/2-,  5-,  10-  and  20  -percent  probable  1-min  steady  wind  speeds,  based 
upon  observations  at  major  weather  stations,  are  available  for  North  America 


34.  Joint  Typhoon  Warning  Center  (JTWC)  (1962)  Annual  Typhoon  Report 
Dhil,  FV.T  /  JTWC,  Guam.  - 
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for  every  third  ir  onth  (GRD'  ).  Because  of  stron|{  dependency  of  wlndspced  on 
heicht  above  the  ground  at  which  it  is  measured,  data  for  these  maps  were 
r.  need  to  10  ft.  the  level  in  M1I.-STD-210A  considered  applicable  to  equipment. 

Maps  in  this  publication  for  the  windiest  month.  January,  for  1,  5,  and  10 
percent  risk  are  presented  as  Figures  10,  11  and  12.  The  Great  Plains,  Aleutians, 
and  coastal  Canada's  maritime  provinces  are  noted  for  strung  winds.  This  is  quite 
apparent  on  the  maps.  If  these  were  the  windiest  locations  in  the  world  of  military 
interest,  and  a  1  percent  risk  were  acceptable  for  inoperability,  an  extreme  of 
35  mph  (or  slightly  higher)  would  be  selected  for  the  10-ft  level,  A  10  percent  risk 
would  drop  this  to  25  mph.  For  areas  with  lesser  winds,  say,  New  England  and 
Canadian  Pacific  coasts,  a  2S-mph  speed  is  a  1  percent  risk. 

Stronger  winds  than  those  discussed  for  North  America  occur  along  the  northern 
const  of  Scotland  and  nearby  islands.  A  survey  of  wind  statistics  over  England 
(Shellard^)  reveals  that  Stornoway,  Scotland  (58°  13'N,  G°  20'\V,  altitude  11  ft. 


Figure  10.  1  percent  Calculated  Risk  Steady  Windspeeds  (mph)  at  a 
Height  of  10  ft,  January  (ORD,  1960) 


35.  ORD  (1960)  Wind,  Chapter  8,  Handbook  of  Geonhyalca.  AFRO,  USAF, 
MacMillan  Co. ,  New  York, 
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Figure  12.  10  percent  Calculated  Risk  Steady  Wlndapeeda  (mph)  at  a  Height 
of  10  ft,  January  (CRD,  1960) 


anemometer  height  .'Ifi  ft)  is  typical  of  the  general  area  with  strongest  winds,  and 
December  is  tlie  windiest  month.  Frequency  distributions  arc  available  for  10-min 
averaged  observations  which  are  tabulated  hourly.  Another  nearby  station  of 
interest  is  I.erwick,  Scotland  ((i0°  08'N,  01°  ll'W,  altitude  2RS  ft,  anemometer 
height  37  ft). 

The  published  10-year,  percent  frequency  distributions  of  hourly  observations 
for  the  windiest  month,  December  (other  winter  months  are  only  slightly  less 
windy),  for  these  two  locations,  averaged  over  10  min  and  corrected  to  a  common 
height  of  10  m  (33  ft),  are: 


Speed  (knots)  <  4 

4-G 

7-10 

11-16 

17-21 

22-27 

28-33 

34-40 

>40 

Stornoway  G.  G 

(percent) 

5.0 

10.9 

22.4 

18.  1 

17,  2 

11.  1 

G.4 

2.  3 

Lerwick  7. 9 

(peicent) 

G.2 

12.8 

18.  1 

19.7 

15.  9 

13.4 

5.  1 

0.9 

Converted  to  cumulative 

percent  freqiency  exceeding 

the  lower  limit 

of  each 

class  these  become: 

Speed  (knots)  JD 

7 

11 

il 

ii 

28 

34 

40 

Stornoway  100 

93.4 

88.4 

77.5 

55.  1 

37.0 

19.8 

8.7 

2.3 

I.erwlck  100 

92.  1 

85.9 

73.  1 

55.0 

35.3 

19.4 

G.O 

0.9 

These  frequency  distributions  show  that  Stornow’ay  is  slightly  windier  than  Lerwick. 

To  compare  the  winds  at  these  Scotland  locations  to  the  values  shown  in 
Figures  10,  11  and  12,  the  1-,  5-  and  10-percent  high  wlndspeeds  were  first  de¬ 
termined  by  plotting  the  distributions  given  above  on  probability  paper.  These 
10-mln  averaged  values  must  now  be  converted  into  1-min  speeds. 

It  was  shown  in  Section  3  that  gusts  of  several  seconds  can  be  represented  by 
a  multiple  of  the  steady  wind,  the  gust  factor,  which  decreases  as  the  steady  wind 
increases.  The  ratio  of  the  maximum  1-inin  speed  to  the  speed  averaged  over 
10  m.iii  can  also  be  considered  a  gust  factor  in  relation  to  speeds  averaged  over  longer 
time  periods.  Durst  found  that  such  long-time  averaged  gust  factors  were  not 
especially  sensitive  to  the  steady  speed  in  his  sample  which  Included  speeds  up  to 
42  mph.  He  determined  that  a  value  of  1. 17  can  be  used  to  convert  the  10-mln 
values  to  1-min  speeds.  His  factors  for  shorter  time  Intervals  were  comparable 
to  those  given  in  Table  7  in  the  speed  intervals  of  30-49  knots.  This  10-min 
factor  was  used  to  convert  the  Stornoway  and  Lerwick  data  to  1-mln  speeds 
resulting  In  the  following  values: 
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1-tnin  Speed  (knots)  nt  33  ft 


Probability  (percent) 

10 

5 

1 

Stornoway 

10  min 

33 

36 

43 

1  min 

30 

42 

50 

I.erwick 

10  min 

30 

34 

40 

1  min 

35 

40 

47 

When  re<iuced  to  a  height  of  10  ft  by  use  of  the  power-law  relation  given  in  Section  4, 
and  converted  to  mph  to  make  them  comparable  to  the  values  at  the  centers  of  wind 
maximum  in  Figures  10,  11  and  12,  the  following  comparison  can  be  made: 

1-min  Speed  (mph)  at  10  ft 

Probability  (percent)  10  5  1 

Stornoway  38  40  48 

Figures  10,  11  and  12  25^^  30  35^ 

Evidently,  low  probabiltt j  winds  over  the  Scottish  coasts  are  about  12  mph 
(10  knots)  liigher  than  the  windiest  North  American  area,  and  the  speed  of  43  knots 
at  10  ft  seems  appropriate  to  the  1  percent  risk  windiest  month  value  for  which 
military  equipment  should  be  designed.  Values  of  36  knots  and  33  knots  at  10  ft, 
associated  with  5  percent  and  10  percent  risks,  respectively,  can  be  considered 
when  the  1  percent  goal  is  shown  to  be  impractical  (too  costly  or  too  cumbersome). 

It  should  be  noted  that  special  consideration  has  not  been  given  to  the  "roaring 
forties"  in  the  Southern  Hemisphere  which  may  have  extremes  exceeding  those 
presented  above.  This  area  was  notorious  for  windiness  during  the  days  of  com¬ 
mercial  sailing.  Since  there  is  little  land  area  in  this  belt  of  strong  winds,  the 
area  should  not  be  important  for  "land"  operations:  however,  it  certainly  merits 
special  consideration  when  investigating  extremes  for  the  "Naval  Surface"  portion 
of  MIL-STD-210B. 

The  design  criteria  for  winds  for  military  operations  is  the  steady  wind  rather 
than  short  period  gustiness,  but  the  system  designer  must  be  aware  of  the  gustiness 
which  occurs  concomitantly  w’ith  the  steady  wind.  To  determine  the  most  probable 
gust  expected  to  accompany  the  1  percent  (S-  or  10-percent)  steady  speeds  of 
43  knots  (36  or  33  knots),  the  procedures  outlined  in  Section  3  must  be  employed. 

II  should  be  empliaslzed  that  it  is  not  the  gust  that  occurs  1  percent  of  the  time, 
but  rather,  it  is  the  median  gust  that  will  be  present  in  conjunction  with  the  1-min 
steady  speed  which  occurs  1  percent  of  the  time. 

It  was  shown  in  Section  3  that  the  structural  response  to  wind  gusts  depends 
on  the  downwind  dimension  of  the  object.  For  example,  if  one  were  designing  a 


25-  by  40-rt  shelter,  the  most  dynainically  effective  gust  which  could  be  expected 
to  acconipany  the  steady  wind  would  have  a  gust  length  of  200  ft  (H  times  the  shortest 
dimension,  25  ft).  P'or  the  1  percent  speed,  43  knots  (73  fps),  the  gust  duration 
would  be  about  3  sec.  From  Figure  5,  the  expected  gust  factor  for  a  3 -sec  gust 
on  a  43 -knot  1-min  steady  speed  is  1.23  resulting  in  a  gust  of  about  53  knots.  These 
values  are  applicable  at  a  height  of  10  ft.  If  the  effective  height  of  the  shelter  were 
determined  to  be  20  ft,  these  speeds  should  be  converted,  using  Table  15  to  a  steady 
speed  of  47  knots  (1.00  x  43  knots),  with  a  gust  of  50  knots  (1.057  x  53  knots). 

For  easier  use  by  systems  designers,  gust  speeds  have  been  provided  in 
Table  17  which  are  "scaled"  to  several  sizes  of  equipment  such  that  gust  duration 
is  sufficient  for  the  gust  to  build  up  full  dynamic  force  on  the  object.  Since  most 
equipment  will  not  be  installed  with  any  special  regard  to  the  direction  from  which 
the  extreme  windspeeds  will  blow,  the  designer  should  design  as  if  the  shortest 
horizontal  dimension  of  the  objec*  would  be  the  downwind  dimension. 


Table  17.  Operational  Wind  l:b(tremes  (based  on  Stornoway,  Scotland);  1 -,  5- and 
10-percent  probabilities  of  1-min  Steady  Wind  Speed  and  Associated  Gusts.  All 
speeds  are  in  knots  and  apply  to  a  height  of  10  ft 


Probability 

1 -minute 
steady 
speeds 

Most  probable  gust  to  accompany  1 -minute 
steady  speeds  for  various  sized  equipment 
(shortest  downwind  dimension). 

(  Percent) 

(knots) 

2  ft 

(luiots) 

5  ft 

(knots) 

10  ft 
(knots) 

25  ft 
(knots) 

50  ft 
(knots) 

100  ft 
(knots) 

1 

43 

62 

59 

56 

53 

50 

48 

5 

36 

52 

49 

47 

44 

42 

40 

10 

33 

48 

45 

40 

38 

36 

S,  I  VllliHlaadias 

In  addition  to  being  able  to  operate  under  wind  conditions  outlined  above,  equip¬ 
ment  must  also  be  able  to  withstand,  without  irreversible  damage,  that  windapeed 
which  can  be  expected  to  occur,  with  a  10  percent  probability,  during  the  projected 
field  life  termed  "expected  duration  of  exposure"  (EDE)  of  the  equipment  at  the 
area  of  the  world  subjected  to  highest  windspeed  extremes  (10  percent  probability 
of  irreversible  damage  during  the  EDE  was  considered  acceptable  in  the  views  of 
the  JCS  (SAES),  as  noted  in  the  Background,  Section  2). 

For  values  applicable  to  equipment  which  must  not  be  destroyed  by  the  wind 
during  several  years  exposure,  annual  extremes  for  many  years  are  required  for 
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application  in  extreme  theory  models.  The  cumulative  frequency  distribution  of 

these  extremes  linve  been  shown  to  fit  the  model  made  |X>pular  by  Gumbcl^*'  and 
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further  explored  by  Gringorten  .  Means  and  standard  deviations  of  the  annual 
extremes  serve  as  a  basis  in  this  model  of  extremes.  To  determine  10  percent 
probability  risks  for  field  life  exposure  of  up  to  2S  years,  periods  of  record  of 
25  years  or  more  are  needed  to  reliably  depict  the  double  exponential  distributioit 
of  extremes.  I’slng  this  model,  speeds  deteriuined  for  return  periods  of  about 
20.  50,  100  and  250  years  are  comparable  to  10  percent  risk  within  the 
expected  field  exposures  of  2,  5.  10,  and  25  years,  respectively  (A  more 
precise  estimate  of  a  10  percent  risk  within  a  given  period  is  possible,  but 
resulting  differences  are  negligible.)  For  example,  a  landing-aid  antenna  with  an 
expected  field  life  of  10  years  should  be  designed  for  a  speed  that  is  attained  only 
once  in  about  100  years,  the  return  period.  However,  in  using  the  model  to  ob¬ 
tain  distributions  for  extremes,  a  standard  deviation  based  on  only  a  few  years 
could  be  so  unrepresentative  of  the  true  standard  deviation  that  the  100-year  return 
period  speed  could  be  either  double  or  half  that  which  would  be  obtained  if  the 
period  of  record  represented  the  true  distribution.  Probably  the  beat  available 
data  for  this  problem  were  carefully -edited  annual  extremes  of  5-mln  speeds  at 
25  U.S.  observatories  for  37  concurrent  years  (Court^).  Only  records  of  stations 
with  anemometers  below  100  ft  which  were  not  changed  by  more  than  10  ft  during 
the  period  of  record  were  treated  with  the  extreme  analysts  theory.  The  20-,  SO-, 
100-,  and  250-year  return  period  values  for  the  ten  stations  with  highest  250-year 
return  periods  are  provided  in  Appendix  C,  Table  Cl.  Coastal  stations  predominate 
because  of  the  direct  Impact  on  them  of  tropical  and  very  strong  extra -tropical 
storms  which  develop  their  greatest  strength  over  the  oceans.  The  largest  return 
period  extremes  are  from  Atlantic  hurricane  locations,  the  shorter  return  period 
extremes  are  from  extra -tropical  cyclones.  Since  Pacific  typhoons  are  known  to 
be  stronger  than  Atlantic  hurricanes,  the  search  for  the  area  in  the  world  sub¬ 
jected  to  strongest  annual  extreme  windspeeds  was  focused  on  data  from  the  typhoon 
belts  on  thu  Pacific  Islands  and  Aslan  coast. 

Previous  searches  for  the  areas  of  extreme  windspeeds,  such  as  those  for  the 

3S 

Corps  of  Engineer's  AF  Manual  No.  R8-3  ,  show  that  the  worldwide  highest  wind- 

speeds  occur  in  the  center  of  the  typhoon  tracks  of  the  North  Pacific.  To  insure 

36.  Gumbel,  E.  J.  (1958)  Statistics  of  Extremes.  Columbia  University  Press, 
Now  York. 

37.  Gringorten,  1. 1.  (1960)  Ehctreme  Value  Statistics  in  Meteorology— A 
Method  of  Application.  AFCRC-tN-U-44S.  AFSO  No.  125,  be^ord,  ^ssachu- 
setls. 

38.  Departments  of  the  Army  and  the  Air  Force  (1966)  Load  Assumptions  for 
Buildings.  Technical  Manual  No.  5-808-i.  Air  Force  Manual  No.  HI -3,  Chapter  1. 


47 


that  no  othnr  locntlonH  hud  boon  ovorlooked,  tbc  Air  Korcc'a  Knvlronntvntal 
Technical  Appliciitiona  Center  (KTA(')  waa  asked  to  provide  information  whirl)  had 
been  uncovered  for  earlier  worldwide,  htgh>wind  searches,  Appendix  C,  Table  C2, 

In  addition,  I^TAC  was  asked  to  provide  listings  of  annual  extremes  of  sustained 
and  gust  speeds  for  additional  locations  suspected  of  high  extremes.  The  means, 
standard  deviations  and  10  percent  risk  speeds  fur  2.  5,  10  and  2!)  years  for 
many  of  these  stations  are  given  in  Ap|>eiidix  C,  Table  C'3.  The  results  confirn)ed 
the  previous  findings.  The  Volcano  Islands  (for  example.  Iwo  Jtma)  and  Ityukya 
Islands  (for  example,  Okinawa)  liad  the  highest  withstanding  extremes,  with  a  few 
stations  in  the  Aleutian  Islands  running  a  close  second. 

One  of  the  most  severe  typhoons  to  ever  hit  Iwo  Jims  occurred  in' 195.1.  The  wind 
sensor  and/ar  the  recorder  were  not  operational  during  the  most  intense  part  of  the 
storm.  The  maximum  1-min  steady  speed  was  estimated  to  be  130  knots  with  the  maxi¬ 
mum  gust  estimated  to  be  175  knots  at  a  height  of  35  ft  (corresponding  to  111  knots  with 
a  maximum  gust  of  158  knots  at  a  height  of  10ft).  However,  as  stated  in  the  beginning 
of  this  section,  such  estimated  winds  are  not  acceptable  and,  therefore,  were  not 
included  in  the  data  determining  the  means  and  standard  deviations  for  Iwo  Jima. 

On  the  other  hand,  to  exclude  data  representing  one  of  the  most  severe  storms  on 
record  would  be  an  unwarranted  bias.  To  alleviate  this  situation,  the  second 
highest  annual  speeds  (t-min  steady  of  107  knots  and  gust  of  130  knots  at  10  ft) 
were  substituted  for  the  1955  estimated  speeds.  The  resulting  distribution  is  shown 
in  Table  C3  for  Iwo  Jtma  along  with  extreme  wind  distributions  for  other  selected 
locations. 

Unfortunately,  the  stations  having  the  highest  extremes  have  only  about 
20-year  periods-of-record,  falling  short  of  the  goal  of  at  least  a  23-year  period- 
of-record.  Therefore,  these  design  extremes  for  winds  may  not  be  representative 
of  the  true  distribution  and  should  be  considered  again  when  five  or  more  years  of 
record  become  available. 

Although  Nalui,  Okinawa  and  Iwo  Jima  AD  are  about  900  miles  apart,  the 
10  percent  risk  probabilities  are  very  similar  as  can  be  seen  from  the  data  in 
Table  C3,  In  the  procedure  for  determining  the  return  period  extremes  the  high, 
mean  annual  gust  speed  at  Naha  is  compensated  for  by  the  high  standard  deviation 
at  Iwo  Jima.  Since  each  station  had  only  10  years  of  maximum  annual  gusts,  con¬ 
sideration  was  given  to  combining  the  two  samples  if  they  were  independent  and 
representative  of  the  same  general  wind  extreme  area.  Despite  their  spatial 
separation,  the  correlation  coefficient  for  their  14  common  years,  0.44,  was  too 
high  for  such  a  treatment.  Cumulative  frequency  distributions  of  the  gusts  for 
the  two  locations  were  plotted  on  extreme  probability  paper.  Figure  13.  Based  on 
the  means  and  standard  deviations  of  the  data,  the  straight  lines,  depicting  the 
double  exponential  dlstrtbuticn  of  2-sec  gusts  for  the  two  stations  are  also  shown. 
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13,  FrobabiUty  Plota  of  Maximum  Annual  Guat  Speeda  at  Iwo  JIma  and 


Analogous  to  normal  probability  plots,  a  double  exponential  distribution  becomes  a 
straight  line  when  plotted  on  extreme  probability  paper.  The  line  passes  tiirough 
the  mean  probability  (0,  5772  for  this  type  of  distribution)  with  a  slope  which  is 
determined  by  the  standard  deviation  of  the  distribution. 

Since  Iwo  Jima  and  Naha  had  essentially  identical  return  period  gust  extremes 
and  there  were  no  estimated  windspeeds  in  the  Naha  record,  Naha  was  chosen  to 
be  representative  of  the  North  Pacific  typhoon  belt  and  was  used  to  establish  the 
withstanding  extremes  for  MIL  "STD -21  OB,  To  scale  the  guat  speeds  to  various 
sizes  of  eciulpment,  similar  to  that  in  Table  16  for  the  Operational  Extremes,  the 
1-mln  steady  values  for  return  periods  of  20.  50.  100  and  250  years  must  be 
known.  For  many  stations,  including  Naha  and  Iwo  Jima,  ETAC's  data  give  the 
annual  maximum  1-mln  steady  speeds.  Based  on  Naha's  average  annual  1-mln 
maximum  speed  of  53.4  knots  and  standard  devtction  of  15,3  knots,  the  10  percent 
risk  probability  for  2,  5,  10  and  25  years  are  82,  93,  101  and  112  knots, 
respectively.  Assuming  that  the  annual  maximum  gust  occurs  during  the  annual 
maximum  1-mln  steady  wind,  the  resulting  gust  factors  are  extremely  high  for 
such  speeds.  For  example,  based  on  the  annual  extreme  data  the  median  gust 
factor  for  Naha  was  about  1.  65,  whereas  the  data  presented  in  Section  3  show  that 
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for  l-iniM  steady  of  110  knota  or  luore,  jjuat  furtora  of  less  than  l.U  wouhl 

tio  «'\|)0('tril,  'I  hr  l  avtMO  of  thta  dlacrcuancy  was  the  manner  in  whicli  the  "innxiinum" 
■Htratlv  valuos  wore  recorded,  aa  (!c«rril)ed  below.  The  peak  giirtt  of  the  day  ia 
recorded  in  cohnnr.  71  on  WHAN  10  (the  weather  obaervatton  form  in  coiiution  osuge 
for  the  WVS,  Navy  and  Air  I'orrc).  Thla  value  la  determined  by  acnnninR  the  atrip 
recorder  chart.  Since  there  la  no  column  for  the  maximum  atoudy  «*|)eed,  thia  value 
-.vaa  retrieved  froni  the  archlvea  by  acannlnff  the  obaervatlon  aheeta  for  the  (dijheat 
atcady  apced  Hated  on  that  form,  When  a  "recoi'd"  (Itourly)  or  "aiiectal"  obaerva- 
tion  ia  made,  an  eye-nveraKt,d,  or  l*min  speed  la  determined  for  a  representative 
period  of  the  obaervatlon  and  Hated  on  the  WHAN  10.  As  r.»r  as  possible,  thia 
rcprosentatlve  apced  is  not  to  be  taken  during  periods  of  extremes,  either  high  or 
low.  Therefore,  the  highest  1-mln  steady  speed  asaociaicd  with  the  peak  gust 
(that  Is,  the  average  for  .10-acc  cither  side  of  the  peak  speed),  is  not  necessarily 
recorded  on  the  WHAN  10  and  may  very  well  have  been  lost. 

The  nomogram  in  Figure  14  shows  the  expected  relationship  between  the  1-mln 
steady  speeds  and  the  2-acc  gusts.  Thia  curve  was  derived  from  the  2-8ec  gust 


Figure  14.  Expected  1-min  Steady  Speed  to  2-sec  Gust  Relationship 
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fnctoi'H  Riven  In  l-'lgurc  5.  Nalin'a  2-acc  Ru«t  cxtromes  (shown  in  Appendix  (') 
were  then  used  in  I”Rure  14  to  determine  the  1-min  steady  winds  (instead  of  the 
reverse  procedure)  so  that  the  deaiRn  Rusts  could  be  sealed  tu  erjuipment  sizes. 
The  resulting  10  percent  risk  1-min  speeds  for  Naha,  Okinawa  for  field  exposure 
of  2,  5,  10  and  2ri  yrs  are  IIP,  140,  15(;  and  17(>  knots,  respectively. 

Following  the  same  computational  procedures  as  uutl'.nod  in  Section  ri.  3,  the 
design  speeds  recommended  for  the  worldwide  withstanding  extremes  are  given 
in  Table  Itt. 


Tabic  18.  Withstanding  Wind  Fxircmcs  (Hased  on  Naha,  flkinawa):  Scaled  Oust 
Sneed  •  nnd  Associated  1-min  Steady  Speeds  for  10  percent  risk  with  2-,  fi-,  10- 
and  2.'>-year  l^xpcrtcd  Duration  of  Exposure  (EOF) 


K\n: 

1  -min 

steady 

speed 

(knots) 

Gust  to  be  associated  witli  the  shortest 
downwind  dimension  of  equipment 

(years) 

2  ft 

(knots) 

5  ft 
(knots) 

10  ft 
(knots) 

25  ft 
(knots) 

50  ft 
(knots) 

100  ft 
(kno  4 

2 

■RQII 

144 

141 

137 

5 

1K4 

162 

158 

■■ 

10 

184 

177 

173 

171 

167 

2r. 

HDH 

202 

198 

190 

193 

100 

187 

6.  Ki;(;()MMKN()\TIO>S 

(1)  Equipment  designed  for  worldwide  surface  level  deployment  must  be  able 
to  operate  when  the  steady  wind  at  10  ft  is  43  knots  and  gusts  are  48  to  62  knots, 
depending  upon  horizontal  dimension  of  equipment  (Table  17).  Steady  winds  and 
gusts  for  other  heights  may  be  obtained  from  Table  16,  Values  for  greater  risks 
are  also  provided  in  Table  17. 

(2)  Equipment  designed  for  worldwide  surface  level  deployment  must  also  be 
able  to  "withstand",  without  irreversible  damage,  steady  speeds  of  110,  140, 

156,  and  176  knots  at  10-ft  height  for  estimated  durations  of  exposure  of  2, 

5,  10.  and  25  years,  respectively.  Gusts  associated  with  Uiese  conditions 
could  be  as  high  as  202  knots,  depending  upon  the  horizontal  extent  of  the  equip¬ 
ment  as  Indicated  in  Table  18.  The  values  for  other  heights  may  be  obtained  by 
using  factors  in  Table  16. 

(3)  Ice  loading  should  not  be  added  to  the  loads  resulting  from  the  wind 
extremes  recommended  above  since  extremes  herein  will  occur  at  temperatures 
above  freezing. 
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Appendix  A 

Tim*t  •(  Oftrational  Wind  InntnMntfilollon 


lieforr  one  can  cvahiato  the  atatlaticfi  of  windapccd  recorder  data,  it  i.s  neces- 
aary  to  dctcrn\tne  the  ( .i(»abiUty  of  cup  and  propeller  anemometers  to  record  short 
duration  (pists,  Approsimately  85  percent  of  the  data  studied  in  Section  of  this 
IMiper  Was  recoidcd  by  a  Frier.  Aerovanc  wind-velocity  recording  system  which  has 
a  propeller  as  the  speed  sen.sor.  This  anemometer  is  used  at  a  niajority  of  Air 
l-'orce  installations.  .Mnr.rurella'  studied  the  response  characteristics  and  the 
overall  performance  of  seven  Aerovane  speed  sensors.  Me  concluded  that  nearly 
all  the  transmitters  were  in  good  agreement  after  they  had  been  used  under  severe 
conditions  for  long  periods  of  time,  so  that  degradation  of  equipment  used  in  opera¬ 
tions  should  not  be  an  important  influence.  Most  of  the  remaining  15  percent  of  the 

2 

obser  vations  were  recorded  from  .l-cup  generator-type  anemometers.  Kamachandran 

3 

and  C  rouser  have  studied  the  response  of  cup  anemometers. 

All  generator-type  anemometers  are  prone  to  errors  caused  by  highly  fluctuating 

wind  conditions.  Mazzarella^  gives  the  errt>r  as  less  hnn  l  percent  for  winds 

2 

fluctuating  t  14  percent  around  the  mean.  Kairuichandran  states  that  "transient  and 


1.  Mazzarella.  D.  A.  (1954)  Wind  Tunnel  T«  ts  on  Seven  Aerovanes,  Rev. 

Sci.  Inst.  «(No.  1):63. 

2.  ilamachandran,  S.  (1968)  A  theoretical  study  of  cup  and  vane  anemometers. 
Quart.  .1,  Roy.  Meteorol,  Soc.  (London)  95:163. 

3.  Crouser.  11.11.  11  67)  Notes  on  Wind  Measurement.  Technical  Memorandum 
WRTM  r':nL-2.  U.S.  Dept.  I '  t'ommerce,  ^SSA. 
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Huctuating  wind  conditions  show  that  a  considerable  amount  of  attenuation  of  the 
amplitudes  of  gusts,  a  large  exaggeration  of  mean  readings  and  a  distortion  in  the 
gust  shapes  occur.  The  nonlinearity  in  the  response  characteristics  of  the 
nnemonu'tera  is  responsible  for  these  results." 

The  response  of  cup  and  propeller  anemometers  is  analogous  to  that  of 
thermometers  and  other  first  order  response  instruments  with  the  exception 
that  Instead  of  having  a  time  constant  as  the  basis  of  response,  these  instruments 
have  a  distance  constant.  The  distance  constant,  used  in  conjunction  with  the 
"characteristic  response  function,"  (1-l/e),  represents  the  length  of  wind  which 
much  pass  the  propeller  (or  cups)  for  the  anemometer  to  Indicate  (>2.  8  percent  of 

a  step-change  in  speed,  The  distance  constant  for  the  Aerovane  is  about  15  ft 

4  5  3 

(Gill  and  Slade  )  and  about  2C  ft  for  the  typical  3 -cup  anemometer  (Grouser  and 

Slade^).  Experiments  have  shown  that  over  the  normal  range  of  atmospheric 
speeds,  the  distance  constant,  I.,  is  independent  of  windspeed,  u.  Consequently, 
since  L  -  ur,  the  time  constant,  r,  is  inversely  proportional  to  the  windspeed. 
This  means  the  greater  the  step-increase  in  windspeed,  the  faster  will  be  the 
response.  This  relationship  is  shown  in  Figure  A1  which  presents  the  percent  of 
"esponse  versus  elapsed  time  for  anemometers  with  15-  and  26 -ft  distance  con¬ 
stants.  This  figure  shows  that  for  step-increases  of  20  knots  or  greater  from  a 
calm  condition  (neglecting  starting  friction),  99  percent  of  the  Increase  will  have 
been  sensed  within  2  sec  for  the  Aerovane  and  within  about  3.  5  sec  for  the  cup 
anemometer. 

The  response  of  these  anemometers  also  depends  on  the  speed  of  the  steady 
wind  upon  which  the  gust  is  imposed.  The  higher  the  steady  windspeed,  the  faster 
the  response  will  be  as  shown  in  the  following  equation  (Grouser  ): 

Vi  V2  -  (V,-Vj)  exp  (-Vgt/O.aU  (Al) 

whore 

V|  the  Instantaneous  windspeed,  knotb.  at  elapsed  time  t, 

V|  =  the  original  speed  (assumed  to  be  the  mean  speed),  knots, 

V2  =  the  final  speed  (assumed  to  be  the  peak  gust),  knots, 

t,  >  distance  constant  (ft). 

4.  Qill,  Q.  G.  (1937)  On  the  dynamic  response  of  meteorological  sensors  and 
recorders.  Proceedings  of  the  First  Canadian  Conference  on  Micrometeorologv. 
Part  I,  Meteorolo^cal  Service  of  Cana<lla,  “i^oronto,  Canada. 

5.  Slade,  D.  H.  (Editor)  (1968)  Meteorolory  and  A^mic  Energy.  1966  . 

United  States  Atomic  Energy  Commission,  bi^^ion  of  Technical  Information. 
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Figure  Al.  Ideal  Reaponae  Figure  A2.  Ideal  Reaponae  of  a  Cup  or 

Characteriatica  for  a  Cup  or  Propellor  Propellor  Aneinometer  to  a  20-knot  Step 
Anemometer  for  10-,  20-  and  40-knot  Increaae  From  Mean  ^<»«da  of  0,  20, 

Step  Increcaea  From  Calm  (neglecting  40,  60  and  80  knota.  The  end  of  each 

atarting  friction)  reaponae  curve  indicatea  the  elapsed  time 

required  to  achieve  S9  percent  of  the  gust 
(19.8  knota) 
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Figure  A3.  Ane-Tiometer  Response  to  Sinusoidal 
Fluctuations 
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Figure  A2  siiows  response  times  for  a  20-knot  step-increase  at  various 
mean  speeds. 

These  two  relationships,  high  mean  windspeeds  and  large  imposed  gusts, 
combine  favorably  to  provide  faster  anemometer  response.  Figure  A2  shows  that 
for  mean  speeds  of  40  knots  or  better  and  a  "step-increase"  gust  of  20  knots  or 
better,  90  percent  of  the  gust  will  be  sensed  in  roughly  1  sec  or  less  for  both  the 
cup  (I.  20  ft)  and  propeller  (1.  IS  ft)  anemometers. 

Thus  far,  the  discussion  has  been  limited  to  a  "step-increase"  gust.  This 
type  of  gust  is  a  rough  approximation  for  short  intervals;  that  is,  1  sec  or  less. 

A  more  realistic  approximation  of  wind  fluctuations  for  somewhat  longer  intervals 
might  be  sinusoidal  deviations  around  a  mean  windspeed.  Such  an  analysis  has 

4 

been  made  by  Gill,  who  shows  the  relationship  to  be; 


where 

1,  =  distance  constant 

X  -  Gust  wavelength  -  (mean  speed,  u)  x  (wavelength  period,  t) 

X  -  Actual  amplitude  of  speed  change 
X|  Indicated  amplitude  of  speed  change 

For  an  anemometer  with  a  given  distance  constant,  Eq.  (A2)  can  be  applied 
to  determine  the  wavelength  period  for  various  gust  responses  at  selected  mean 
windspeeds.  The  results  of  this  procedure,  shown  in  Figure  A3,  are  hyperbolic 
curves  of  given  percentage  response.  It  can  )>e  seen  from  this  graph  that  for  a 
mean  windspeed  of  about  30  knots  with  a  2-sec  gust  (4 -sec  period),  anemometers 
with  20-  and  15-ft  distance  constants  will  have  responded  to  approximately  90  and 
96  percent,  respectively,  of  the  actual  amplitude  of  the  gust. 

It  is  not  the  intent  of  this  paper  to  delve  deeply  into  various  aspects  of 
anemometry,  but  U  is  necessary  to  be  aware  of  the  capability  of  anemometers  to 
respond  and  to  record  atmospheric  wind  motions.  The  conclusions  that  can  be 
drawn  from  this  discussion  is  tlia*  for  step-increase  and  sinusoidal -type  gusts  at 
high  mean  windspeeds  (40-  to  '  I  ,  1-min  averages),  the  Aerovane  will  indicate 
between  95  and  00  percent  of  a  k  sec  (half-wavelength)  gust  and  the  standard 
3 -cup  anemometer  will  have  sensed  90  to  99  percent  of  the  gust. 

Even  if  the  wind  sensor  followed  the  windspeed  perfectly,  limitations  Imposed 
by  the  wind  transmitter  and  recorder  assemblies  damp  out  the  finest  gusts,  and 


these  are  not  Indicated  on  the  recorder  chart.  Because  of  this  recorder  limita¬ 
tion,  H.  H.  Krauser  of  the  National  Weather  Service  and  R.  M.  Peirce  of  AFCRI.'s 
Meteorology  I.aboratory— both  authorities  on  anemometry  Instrumentation— have 
advised  that  peak  gust  speed  on  recorder  charts  of  operational  anemometers  can 
be  assumed  to  represent  a  2-sec  gust.  This  assumption  was  followed  In  the  main 
body  of  this  study. 
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Appendix  B 

Th«  OtpandMCt  •(  Windt^Md  on  Htighi  Abovo  llio  Cioond  In  rito 

Windy  Acrot  Pioioct  of  1967 


I.  IMHfHH  CTUIN 

In  the  power  law,  the  windApeeds  <V,  V^)  at  two  leveln  above  ground  (If, 
are  asAOciated  by 

V  V  (H/n  (HI) 

o  o 

where  p  la  unually  preaumed  conatant.  Tliua,  given  a  windaneed  at  height  11^, 
the  equation  givea  a  correaponding  wlndapeed  V  at  height  U. 

In  previoua  work,  p  haa  been  aaaigned  valuea  varying  from  0.05  to  0.  B.  Since 
inveatigatora  or  authora  have  not  alwaya  atated  the  temporal  relatlonahlp  between 
V  and  V^,  it  uaually  haa  been  suppoaed  that  V  la  the  expected  value  of  wlndapeed  at 
height  H  that  occura  aimultaneoualy  with  wlndapeed  at  height 

Thla  work  explorea  the  poaalbility  of  aaatgnlng  valuea  to  p,  recognizing  Ita 
dependence  upon  (1)  the  magnitude  of  the  apeed  at  a  apecifled  height  above  the 
ground,  and  (2)  averaging  time  of  the  wind  meaaurement  (for  example,  1  aec, 

10  aec,  1  min,  etc. ).  Equation  (Bl)  will  not  be  uaed  to  eatimate  a  profile  to  cor- 
reapond  to  a  given  apeed  at  the  apecifled  height:  inatead,  it  will  be  modified  to 
provide  the  probability  dlatrlbutlon  of  wlndapeed  at  height  H  when  each  percentile 
of  the  wlndapeed  la  aaaumed  to  be  a  function  of  height  H  only.  A  percentile  of 
wlndapeed  at  one  level  doea  not  neceaaarily  occur  aimultaneoualy  with  the  aame 
percentile  at  another  level. 
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The  data  on<hand  for  this  investigation  consist  of  30  hr  of  l-sec  windspeeds  of 
the  Windy  Acres  Project,  taken  in  the  summer  of  1967  at  8  heights  on  a  32-m  tower 
in  southwest  Kansas.  The  area  is  very  flat  and  partly  covered  with  wheat  stubble 
6  to  8  in  tall.  The  l~aec  windspeeds  did  not  exceed  15.  3  m/sec. 


3.  MKTIIOII  OK  kstimatim;  p 


Equation  (B2)  can  be  written  as 


(B2) 


where  V||  is  the  f-percentile  windspeed  at  height  H,  and  k  is  a  constant  for  the 
given  percentile  (f). 

.Set  y  -  log  V||  and  x  log  H.  Then  from  Eq.  (B2) 

y  log  k  +  px  .  (B3) 

I’sing  N  heights  along  the  tower  where  wind  measurements  are  made,  the 
estimations  of  p  and  k,  by  the  method  of  least  squares,  are 


n  N2:xy  -  EyEx 
NEx^  -  (Ex)^ 


log  k 


2 

Ey2:x  -  rx^xy 
Nix*  -  (Ex)* 


(B4) 

(B5) 


For  the  Windy  Acres  data,  N  ■  8  where  these  eight  heights  are  1.5,  1.2, 
4,8,  16  ,  34  ,  32  m.  The  windspeeds  (V)  are  classified  into  sets  according  to 
the  probability  level  of  occurrence  (f)  and  duration  <m).  The  chosen  probability 
levels  it)  are 

0.02,  0.  10,  0.25.  0.50,  0.75,  0.90,  0.98,  0.098,  0.9998. 

The  chosen  durations  (m)  in  seconds  are 

1,  2,  4,  8,  16,  33,  04,  138,  256,  513,  1034,  2048,  3600. 


3.  RK.Sl  l.T.S 

For  each  probability  level  <f)  of  the  windspeeds  and  duration  (m)  a  value  of  the 
exponent  p  was  estimated  from  Eq.  (B4)  (Table  Bl).  Figure  Bt  is  drawn  to  show 
smoothed  isopleths  of  the  exponent  p  in  the  power  law,  as  a  function  of  duration  (m) 
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e  Value  of  the  Exponent  p  in  the  Power  Law  for  U  indspeed  to  Fit  the  39  hr  of  1-sec  Winds  In  the  Windy 
of  1967.  Heights  of  winds  are  from  12  to  32  m.  (Bracketed  figures  are  windspeed  in  mps  at  8,0  m. 


MOOaot- 

sM  Ml  ^  tM  wW  M  ^ 

oooiSooSSSncSmm 

OOO-H  —  —  — 


oooa«xo>C!oooooM>n 

aOQOC00000009)0}0>0«0>0>0> 


«t«««*s****»« 

iO  i/)  to  tn  iO  iO  t^)  «/)  tn  iO  i/>  «r> 

^  ^  ^  ^ 


o 

« 

O 

« 

«tt* 

o 

« 

O 

« 

9|i 

o 

• 

Ifi 

« 

O 

• 

o 

• 

o 

« 

o 

• 

o 

• 

o 

Wi4 

* 

w 

5 

S 

5 

S 

s 

3> 

'M 

o 

'M' 

0) 

W' 

o> 

5> 

a> 

o> 

M 

• 

s 

M 

• 

M 

• 

«s 

• 

M 

• 

• 

s 

• 

• 

«i« 

« 

• 

s>^ 

• 

PO 

t 

to 

p^ 

tn 

to 

P9 

PO 

s 

M 

n 

J5 

C4 

M 

M 

M 

r4 

m  m  UP  <6  r» 

«  fo  po  ro  C3  po 


fSCSM(SMC4MMMr4P0M(n 

WW  ww»  Sw  ^ 


r»  r- 


r»  r-  r*  t*  !•  <© 


^  »  <6  M 

s 

V 

M 

^  m  O 

r4 

m* 

«  5 

W4 

%n 

P  9  3 
w 

l-MINUTt  W)N08m0S(VH) 


IBOPLCTHS  or  IxrONCNT(p) 


THMOUBHOUT 
THIS  ARIA 


NIIINT-MCTIRS  (H) 


OURAT  ION  >  tICONM  ( m) 


F  igure  A  Nomogram  to  Obtain  Wludapeeda  of  Duration  1  to  1000  Seconda 
at  a  Height  of  1  to  32  Metera.  Left-hand  aide  ahowa  peroentllea  of  1-mln  wind- 
■f**?  iround  level.  Right-hand  aide  ahowa  laopletha 

of  p  in  the  power  law  plotted  aa  a  function  of  duration  and  windaperd:  read 
horlaontally  to  the  left  aide  for  given  height  and  percentile 
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and  the  percentile  of  the  wtndapeed.  It  also  ahowa  pcrcentllca  of  1 -minute  wind- 
apeods  for  heights  from  I  to  32  meters. 

I.  tOM  I.rsiONS 

I'hese  conclusions  pertain  to  a  study  of  windspeeds  measured  at  0.  5  to  32  meters 
above  the  ground  in  which  the  fastest  I -second  gust  did  not  exceed  13.3  meters  per 
second. 

Table  Ill  and  Kigure  111  show  a  systematic  variation  of  p  with  windspeed  and 
duration.  For  the  high  speeds,  the  value  of  p  is  less  than  0. 13  and  has  been  com¬ 
puted  ns  low  as  0,  08.  I'p  to  the  90-percent  windspeeds,  the  value  of  the  exponent 
varies  almost  'Inearly  with  the  wtndapeed  from  approximately  0.20  for  the  13- 
percent  winds  to  0.  13  for  the  8S-percent  winds.  Put  for  the  speeds  equal  to  or 
greater  than  the  00-perccnt  winds,  the  exponent  p  has  an  almost  uniform  value  of 
0.  12,  except  for  short  durations  of  1  min  or  less.  (Previous  work  with  the  same 
data  indicated  that  the  Windy  Acres  winds  became  turbulent  above  the  95-percent 
Indspeeds. )  For  gusts,  the  value  of  p  varies  jointly  with  their  speed  and  dura¬ 
tion,  from  0,  11  down  to  0.08  for  the  unusually  high  I  -  or  2-sec  winds  or  gusts, 
suggesting  a  tendency  toward  a  unlfornt  intensity  of  turbulence  with  height  as  the 
speeds  become  greater. 


S,  HKMXHkS 


This  approach  to  the  problem  shows  considerable  promise,  n’laking  it  desirable 
to  find  more  complete  data  than  the  39  hr  of  Windy  Acres  data.  Several  questions 
remain  unanswered.  What  is  the  effect  of  terrain  and  of  thermal  stratification? 

How  should  the  vertical  and  horlxontal  dimension  of  the  strong  wind  gusts  be 
handled?  While  the  value  of  0.08  for  p  is  the  lowest  computed  in  this  exercise,  it 
seems  reasonable  to  expect  a  value  close  to  zero  if  the  turbulence  is  mixed 
thoroughly  in  both  vertical  and  horlsontal  directions. 

All  told,  the  conclusions  need  to  be  considered  tentative.  Data  are  required 
in  areas  where  the  windspeeds  are  normally  high  to  obtain  information  pertinent 
to  strctural  design. 


Appendix  C 

W*Hdl«ld«  Wind  ExtmnM 


Table  Cl.  Strongeet  5-mtn  Wind  Expected  in  20,  SO.  100,  and  250  yean  at  10 
l.ocatlona  In  the  United  Staten  With  Anemometer  lleiglita  Below  100  ft  (Courts  ). 


iteturn  Period  (yeara) 

Location 

20 

50 

100 

250 

North  Head,  Waah. 

84 

90 

95 

100 

Corpua  Chrlatt,  Tex. 

73 

84 

91 

101 

Tatooahla. ,  Waah. 

78 

84 

88 

03 

Block  la. ,  K.  I. 

74 

81 

85 

91 

Key  Wcat,  Fla. 

«G 

75 

81 

00 

Sheridan,  Wyo. 

08 

74 

81 

C'harleaton,  S.  C. 

eo 

67 

72 

78 

Duluth,  Minn. 

02 

GO 

GO 

73 

Canton.  N.Y, 

57 

02 

00 

71 

Eaatport.  Me. 

50 

03 

00 

70 

6.  Court,  A.  (1063)  Wind  extremee  aa  deelgn  factor*,  J.  Franklin  Inat. 
256(No.  l):30-55. 
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Tatilo  (’2,  Kxtrenie  Wind  Data  l’rc|)ared  by  KTAf  In  lf>(i4  (Aneimnnclcr  ItcifthtH 
Ace  Not  Standardi/i'd) 


I. oration 


Alaaka 

Klenicndorr  AFH 
Shfinyu  I.sland 
Davis  Al-'H  Adak  NS 
C’oid  Hay 
Middleton  Island 

Cii-eenlnnd 

Narsat'Ssuak  AH 
Sondrestroni  AH 
Siiniutak  AH 
'I'hulc  AH 

l^'orniosa 

1'ainan 

'I'aipei 

Japan 

Ita/.ukc  AH 
Misuwa  AH 
Tokyo  Inti.  Arpt 

Kimpo  AH,  Korea 

Hungkok,  Thailand 

I’cshawar,  I’akistan 

India 

Hombay 

Calcutto 

Cioya 

Madras 

New  Delhi 

Hoona 

I'entral  AH,  Iwo  Jims 
Kadenu  AH,  Okinawa 
Clark  AH.  H.  I. 

Ilirkani  AH,  Hawaii 
l.ajea  Field,  Azores 
Albrook  AH,  C. 


I  Maximum 

I  1-inln 

Peak  Gust 

Mean 

S.  D. 

Mean 

S.  D. 

Period  of 

(knots) 

(knots) 

(knots) 

(knots) 

Hecord 

(vears) 

14 

58.  8 

8.7 

12 

10 

79.4 

11.3 

10 

83.  5 

7.  1 

Hi 

71.  1 

I  9.8 

21 

70.  5 

1  1 5.  1 

1 

18 

84.2 

10.3 

13 

58.  7 

15.3 

17 

92.2 

1 5.  1 

12 

«2.  £> 

9.« 

14 

41.  (! 

1«.7 

39 

4«.7 

17.3 

30 

34.2 

7.9 

14 

48.  r> 

11.8 

14 

37.3 

5.  r* 

11 

53.3 

10.7 

11 

40.7 

9.  (i 

15 

5li.  3 

10.8 

15 

33.3 

•i.  3 

8 

40.  1 

7.li 

8 

3li.9 

11.7 

15 

53.8 

li.  5 

17 

3B.7 

11.2 

(i 

44.7 

5. « 

li 

41.2 

(> 

35.2 

(i 

40.  5 

li 

31.3 

■8 

li 

(il.« 

20.  9 

17 

87,  1 

:Mi.  i 

17 

«4.7 

20.0 

14 

01.4 

25.  5 

14 

30.  0 

0.  « 

13 

44.8 

11.7 

13 

35. 1 

«.  n 

17 

44.8 

9.5 

11 

40.5 

13.4 

13 

72.0 

10.  7 

10 

21.3 

3.3 

18 

31.  1 

5.  1 

14 

70 


Table  Cl.  (Cotitlnuecl)  Kxtrornc  W  inti  Data  l‘l•epaI■ec^  by  KTAC’  in  19ii4  (Anemometer 
llei(>ht!t  Are  Not  Standardl/.ed) 


— 

■“  ”  . 

— 

(.oration 

Maximum 

I -min 

Peak  Gust 

Mean 

(knote) 

S.  D, 
(knota) 

Period  jf 
Record 
(veara) 

Mean 

(knota) 

S.D.^ 

(knota) 

Period  of 
Record  i 
(yearal 

San  1‘ablo  (Sevilla),  Spain 

GO.  n 

12. 1 

11 

Wheelua  AH,  l.ibya 

•19,  1 

♦•  •  •> 

14 

51.  1 

H.2 

14 

I7habran  AH,  Saudi  .Arabia 

4li,  1 

0.  5 

19  i 

•StuttKart,  Oermany 

32.  1 

3.8 

13 

.51.8 

7.9 

\:\ 

Edinburgh,  Scotland 

l!5.  2 

.5.  G 

21 

Kcflavik,  Iceland 

Gfi.8 

8.  5 

9 

90.3 

(1.3 

9 

IC.  Ilarnmn  AH,  Nfld. 

G4,  9 

9.  9 

15 

71 


Table  C3.  Selected  Annttal  Extreme  Wind  Data  I'pdated  (1971)  and  S 
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